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PREFACE 


The  USAF-ASEE  Summer  Faculty  Research  Program  was  begun  in  1975 
with  twenty-two  members  of  engineering  and  science  faculties  from  colleges 
and  universities  throughout  the  country.  These  professors  were  assigned 
to  various  USAF  research  laboratories  at  Wright-Patterson  AFB  and  Eglin 
AFB  for  a ten-week  period  of  concentrated  research  in  their  selected 
field  and  of  mutual  interest  and  benefit  to  the  participant  (and  his 
university)  and  the  USAF.  In  1976,  this  program  was  expanded  to  a total 
of  fifty-three  faculty  participants  assigned  to  all  Air  Force  Systems 
Command  laboratories.  In  1977,  the  number  of  participants  was  expanded 
to  seventy  professors  and  continued  at  that  level  in  1978. 

The  basic  program  objectives  are: 

(1)  To  provide  scientific  and  technological  benefits  to  the  USAF 
while  enhancing  the  research  interested  and  capabilities  of 
engineering  educators. 

(2)  To  stimulate  continuing  relations  among  participating  faculty 
members  and  their  professional  peers  at  the  AFSC  laboratories. 

(3)  To  form  the  basis  for  continuing  research  of  interest  to  the 
Air  Force  at  the  participant's  institution. 

(4)  To  sponsor  research  in  areas  of  mutual  interest  to  the  USAF, 
the  faculty  member,  and  his  institution. 

The  program  in  conducted  under  contracts  with  Auburn  University  and 
Ohio  State  University.  The  American  Society  for  Engineering  Education  is 
co-sponsor  of  the  program. 

This  document  is  a compilation  of  the  reports  written  by  participants 
assigned  to  laboratories  other  than  Wright-Patterson  Air  Force  Base 
(Auburn  University  contract).  Mr.  J.  Fred  O'Brien,  Jr.,  Project  Director, 
has  exercised  certain  administrative  prerogatives  to  produce  this  report. 

Similar  documentation  for  the  1975,  1976  and  1977  research  efforts 
are  on  file  in  the  Defense  Documentation  Center  in  Washington,  D.C. 
under  the  following  numbers: 

1975  Research  Reports  ADA031017 

1976  Research  Reports  ADA033822 

1977  Research  Reports  ADA051624  (Volume  I) 

ADA051514  (Volume  II) 

The  appendix  (In  Volume  II  of  this  report)  contains  indexes  of  the 
previous  programs. 
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ABSTRACT 


The  study  was  undertaken  to  assist  the  Air  Force  in  evaluating  remote 
sensing  for  resource  management.  Air  Force  environmental  resource  manage- 
ment needs  were  evaluated  for  possible  remote  sensing  applications.  Areas 
identified  for  remote  sensing  application  include:  (a)  inventory  of  DOD 
range  resources,  (b)  land  use  classification,  change  and  monitoring,  (c) 
environmental  assessment  and  planning,  (d)  archeological  and  historical  site 
location,  (e)  endangered  species  habitat  identification,  (f)  conservation 
and  recreation  area  location  and  (g)  mineral  deposit  and  energy  resources 
identification,  (h)  preparation  of  environmental  baseline  data  summaries. 

The  remote  sensing  techniques  evaluated  for  Air  Force  resource  manage- 
ment needs  were:  (a)  aerial  photos,  (b)  Skylab  S190A  and  SB,  (c)  Landsat 
CCT,  (d)  Radar  SLAR,  (e)  UV,  and  (f)  Multispectral  thermal  IR.  Four  case 
studies  cite  the  utility  of  using  CIR  (Color  Infrared)  in  resource  manage- 
ment. It  was  found  that  NASA  aircraft  high  altitude  CIR  gives  the  best 
advantages  for  use  in  Air  Force  resource  management.  Recommendations  were 
made  for  establishment  of  (a)  remote  sensing  lab,  (b)  training  of  personnel, 
(c)  use  of  CIR  in  Air  Force  resource  management,  (d)  preparation  of  a CIR 
manual,  (e)  use  of  Landsat  and  Skylab  S190B  in  Air  Force  and  DOD  range 
planning  on  an  experimental  basis,  (f)  routine  use  of  high  altitude  CIR  to 
prepare  environmental  data  bases  and  evaluate  AICUZ  zones,  (g)  evaluation 
of  an  automated  computer/remote  sensing  system  for  resource  management 
(similar  to  those  used  by  USGS  and  several  other  federal  and  state  agencies) , 
and  lastly  (h)  the  establishment  of  a remote  sensing  center  for  resource 
management  and  to  coordinate  activities  in  the  field. 

The  results  showed  that  Air  Force  can  use  remote  sensing  in  environmental 
resource  management.  Color  infrared  should  be  used  for  resource  management, 
with  suitable  minimal  training  of  personnel.  An  important  conclusion  of  the 
study  is  that  CIR  remote  sensing  could  be  used  by  base  (range)  Civil  Engineers 
in  their  comprehensive  planning  programs. 
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NOMENCLATURE 


Band:  A wavelength  interval  in  the  electromagnetic  spectrum.  For  example, 
in  Landsat  the  bands  designate  specific  wavelength  intervals  where  images 
are  acquired. 

BW:  Black  and  White. 

BWIR:  Black  and  White  Infrared. 

CCT:  Computer  Compatible  Tape.  A reconstruction  of  data  in  magnetic  tape 
form  suitable  for  computer  analysis.  Landsat  data  for  computer  analysis  is 
available  from  EROS  data  center. 

CIR:  Color  Infrared. 

EROS:  Earth  Resource  Observation  System,  a branch  of  USGS  located  in 
Sioux  Falls,  SD,  for  dissemination  of  NASA  space  and  aircraft  data. 

FCC:  False  Color  Composite.  A false  color  reconstruction  of  multiband 
photography  created  from  two  or  more  filtered  photographic  bands.  In  the 
case  of  Landsat,  generally  band  4,  5,  and  7 are  used  to  make  an  FCC. 

Image-100:  General  Electric  Company  computer  for  use  with  Landsat  CCT. 

Landsat:  NASA  satellite  for  earth  resource  monitoring  from  570  miles  in  space. 

MDAS:  Bendix  computer  system  for  use  with  Landsat  CCT. 

Mosaic:  A number  of  overlapping  air  photos  whose  edges  have  been  matched 
to  form  a continuous  photographic  representation  of  a given  area. 

Near  Infrared:  Electromagnetic  wavelength  from  0.7  to  2.0  micrometer  where  the 
range  of  solar  radiation  still  reflects.  Photographic  BW  and  CIR  works  in  this 
region. 

Remote  Sensing:  The  collection  of  information  about  an  object  without  being  in 
physical  contact  with  that  object.  Remote  Sensing  is  restricted  to  methods  that 
record  the  electromagnetic  radiation  reflected  or  radiated  from  an  object. 

SAR:  Synthetic  Aperture  Radar.  SLAR  system  in  which  high  resolution  is  achieved 

by  utilizing  Doppler  principle  to  give  the  effect  of  a very  long  antenna. 


Sky lab  S190A  and  S190B:  Besides  other  sensors.  Sky lab  Earth  Resource  Experiment 
Package  (EREP)  contained  S190A  and  S190B  multispectral  cameras.  S190A  provided 
2.2"  photos  simultaneously  on  six  bands.  S190B  is  referred  as  "earth  terrain 
camera"  and  has  4.5"  photos  on  two  bands  - Color  and  CIR. 

SLAR:  Side-Looking  Airborne  Radar,  a general  term. 


Thematic  Macis : Mao  showina  theme  like  SDatial  resource  location. 


Thermal  IR:  The  portion  of  the  infrared  region  from  approximate  2 to  14 
micrometer  that  corresponds  to  heat  radiation. 


INTRODUCTION 


Remote  Sensing  from  aircraft  and  spacecraft  is  an  extremely  cost- 
effective  means  of  collecting  data,  and  during  the  last  two  decades  many 
new  sensors  and  techniques  for  collection  of  data  have  been  developed. 

The  availability  of  new  remote-sensing  instruments  and  their  ability  to 
collect  data  have  in  many  respects  outstripped  the  capability  of  the 
scientific  and  resource  management  community  to  utilize  such  data  effectively. 
This  handicap  has  been  offset  to  a large  extent  by  the  fact  that  there  are 
in  the  Air  Force  literally  thousands  of  persons  who,  with  a small  amount  of 
training,  and  knowledge  of  availability,  could  effectively  use  such  data 
in  their  studies  or  in  resource  management  decisions. 

Growing  populations  near  Air  Force  bases,  coupled  with  a widening 
horizon  of  demands  being  made  on  land  resources,  have  brought  about  an 
expanding  array  of  pressures  on  limited  available  resources.  These  pres- 
sures have  brought  about  encroachments  on  Air  Force  land  and  air  space 
which  in  many  instances  are  mission  limiting.  Some  examples  of  obvious 
conflicts  include:  agricultural  production  in  conflict  with  real  estate 
development  and  resulting  urbanization;  environmental  protection  against 
energy  production  demands ; recreational  development  versus  the  use  of  the 
land  for  forestry,  grazing,  and  extractive  uses;  conservation  of  coastal 
areas  for  recreational  uses  in  the  face  of  needs  for  more  port  facilities  and 
shoreline  industrial  sites;  and  preservation  of  wetlands  for  natural  wildlife 
and  fisheries  habitat  in  the  face  of  new  demands  for  development  of  such  wet- 
lands for  urban  uses,  agricultural  production,  and  recreational  uses. 

Air  Force  range  planning  programs  are  presently  addressing  natural 
resource  issues  related  to  range  land  and  air  space  requirements  and  other 
land  uses.  Recent  environmental  legislation,  changing  terms  and  conditions 
for  the  continued  withdrawal  of  lands  from  the  public  domain,  and  public 
inquiries  about  alternative  or  multiple  uses  of  Air  Force  bases  make  it  impera- 
tive that  sound  scientific  information  be  developed  concerning  the  natural 
resources  contained  in  these  lands.  For  this  purpose  the  ecological,  cultural 
and  natural  resource  inventories  and  land  use  classification  and  terrain 
information  data  are  critically  valuable  to  Air  Force  resource  managers.  This 
information  can  be  provided  from  the  products  of  remote  sensing  technology. 

OBJECTIVES 

This  study  was  undertaken  to  assist  the  Air  Force  in  evaluating  remote 
sensing,  specifically  aircraft  and  satellite  imaging  techniques,  for 
resource  management  purposes.  The  Air  Force  is  responsible  for  thousands  of 
acres  of  land  spread  over  hundreds  of  bases  and  supporting  installations. 
Effective  management  of  these  resources  requires  the  develment  of  techniques 
and  tools  which  will  aid  in  the  evaluation,  classif cation,  and  monitoring  of 
large  tracts  of  land.  Remote  sensing  has  great  potential  for  effective  natural 
resource  management.  The  goal  of  the  study  was  to  evaluate  different  remote 
sensing  techniques  based  on  (a)  effectiveness,  (b)  availability  and  accessi- 
bility of  data  (c)  cost,  (d)  and  training  required  for  users.  Only  those 
techniques  which  were  found  suited  to  the  Air  Force  environmental  resource 
management  needs  were  considered  in  detail. 
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EVALUATION  OF  AIR  FORCE  ENVIRONMENTAL  RESOURCE  MANAGEMENT 


The  application  of  remote  sensing  to  Air  Force  environmental  resource 
management  requires  an  evaluation  of  needs.  Air  Force  resource  managers  are 
required  to  conduct  studies  that  fulfill  obligations  under  a number  of  laws 
passed  during  the  last  decade.  Some  of  these  laws  are: 

(a)  National  Environmental  Policy  Act  of  1969 

(b)  The  Federal  Land  Policy  and  Management  Act  of  1976 

(c)  Sikes  Act-Conservation  and  Recreational  Uses  of  DOD  Lands 

(d)  Clean  Air  Act  as  Amended 

(e)  Historic  Preservation  Acts 

(f)  Endangered  Species  Act  of  1973 

These  laws  require  managers  to  assemble  resource  inventory,  land  use  classi- 
fication, soil  and  vegetation  data.  The  Air  Force  Civil  Engineering  and 
Environmental  Development  Office,  Civil  Engineering  Center  and  Headquarters 
Air  Force  have  made  efforts  to  fulfill  these  requirements  by  various  systematic 
evaluation  programs.  One  such  effort  is  the  preparation  of  TAB  A-l  environ- 
mental narratives  for  Air  Force  bases. 

The  TAB  A-l  is  a compilation  of  baseline  data  containing  the  natural, 
social,  and  economic  environs  of  the  region  influenced  by  an  Air  Force  installa- 
tion. The  primary  purpose  of  the  TAB  A-l  is  to  provide  Air  Force  base  personnel 
with  an  up-to-date  data  base  to  support  the  environmental  impact  analysis 
process  or  other  studies  required  by  law.  Another  use  of  TAB  A-l  is  for 
planning  activities. 

The  TAB  A-l  is  not  always  complete.  One  recurring  deficiency  is  the  lack 
of  current  land  use,  natural  resource  location  (thematic  maps),  and  environ- 
mental monitoring  data.  Remote  sensed  data  could  materially  improve  the  quality 
and  quantity  of  the  TAB  A-l  data.  Table  I indicates  areas  of  the  TAB  A-l  that 
are  potential  candidates  for  application  of  remote  sensing  data. 
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TABLE  I.  POTENTIAL  REMOTE  SENSING  METHODS  APPLICABLE 
TO  TAB  A-l  PREPARATION 


TAB  A-l 

AF  Environmental 
Reference  No. 


Subject 


Remote  Sensing  Method 


1.4 

Geographic  Location 

3.1.1 

Physiography 

3.1.2 

Geology 

3.1.3 

Soils 

3.2.1 

Hydrology 

3.2. 3.1 

Sewerage  Pollution 

3.4.1 

Plants 

High  Altitude  CIR,  Landsat 
or  Skylab 

Air  Photo  Color  or  CIR 

High  Altitude  CIR, 

Color  or  Landsat 

Air  Photo  Color 

CIR 

Thermal  IR 
CIR  or  BWIR 


3.4. 2. 5 


3.7 


4.1.1 

4. 2. 5. 4 

4. 4. 1.1 

4.4. 3.1 


Threatened  and  Endangered  Medium  Altitude  BW 

Species  (Animals) 

Natural  Hazards  - Flood,  CIR  and  Landsat 

Landslide,  Rock-slide  Prone 
areas.  Tidal  Zones,  Fault  lines 


Population  (Distribution)  High  Altitude  CIR 

and  change  Skylab  S19CB 


On-Base  Housing  Thermal  IR 

(Energy  Leakage) 

Transportation  General  High  Altitude  CIR 


Existing  Land  Use 


Medium/Low  Altitude 
CIR 


4.4. 3.2 
4.4.3.S 


Land  Ownership  and  Value 

Summary  of  on-base  land  and 
facilities 


Medium  Altitude  BW 

Remote  Sensing  based 
digital  information/ 
inventory  system 
used  by  various  agencies 
like  USGS 


4. 4. 3. 7 


Historical/Archeological  Sites  Medium/Low  Altitude 

COLOR  or  CIR 


4.4. 3.8 


Air  Installation  Compatible  High  Altitude  CIR 

Use  Zone  (AICUZ) 


Environmental  Impact  Statement  (EIS)  dataware  generally  extracted  from 
TAB  A-l  reports.  The  EIS  could  be  assembled  more  cost  effectively  through  the 
use  of  remote  sensing  data.  In  addition,  studies  of  endangered  species 
habitat,  historical/archeological  sites  and  recreational  activities  located 
on  Air  Force  bases  could  use  remotely  sensed  data. 

Remote  sensing  techniques  could  play  a critical  role  in  work  carried 
out  under  the  following  topics: 

(a)  Inventory  of  Range  Resources  (Thematic  Maps  and  Computer  Data  Base) 

(b)  Land  Use  Classification,  Change,  and  Monitoring 

(c)  Environmental  Assessment  and  Planning 

(d)  Archeological  and  Historical  Sites  Location 

(e)  Endangered  Species  (Habitat)  Identification 

(f)  Conservation  and  Recreation  Areas  Location 

(g)  Mineral  Deposits  and  Energy  Resources 

Remote  sensing  is  successfully  being  used  by  various  state  and  federal 
agencies  to  provide  information  for  most  of  the  above  mentioned  topics.  Numer- 
ous publications  are  available  indicating  such  uses.  However,  the  techniques 
used  by  the  agencies  are  designed  to  suit  their  individual  needs. 

REMOTE  SENSORS: 


Remote  sensors  suitable  for  Air  Force  environmental  needs  are 
(In  decreasing  importance) : 

A.  Aerial  Photos:  CIR,  COLOR  and  Black/White 

B.  Sky lab  S190B  and  S190A 

C.  Landsat  imageries  and  CCT  based  computer  enhanced  products 

D.  RADAR  - SLAR  (SAR) 

E.  UV 

F.  Multispectral  Thermal  IR 

A.  Aerial  photos  have  been  used  in  TVA  mapping  and  resource  manage- 
ment since  its  inception  in  the  middle  1930s.  Adoption  of  color  and  infra- 
red films  subsequently  for  aerial  photography  have  made  it  still  more  useful. 

In  the  enthusiasm  for  satellite  imagery  and  new  forms  of  airborne  remote 
sensing,  such  as  thermal  IR  and  RADAR,  the  advantages  of  conventional  aerial 
photography  should  not  be  overlooked.  Generally,  the  following  four  types 
of  films  are  used  in  aerial  photography:  black  and  white  (BW)  film  called 
Panchromatic,  black  and  white  Infrared,  (BWIR)  color  and  color  Infrared,  (CIR) . 
Each  of  these  have  several  variants. 


Panchromatic  Films:  Panchromatic  film  having  approximately  the  same 
range  of  light  sensitivity  as  the  human  eye  is  the  standard  film  for  aerial 
photography.  Images  on  panchromatic  film  are  rendered  in  varying  shades  of 
gray,  with  each  tone  comparable  to  the  density  of  an  object's  color  as  seen 
by  the  human  eye.  Pan  films  distinguish  objects  of  truly  different  colors. 
These  films  have  been  used  by  resource  managers  in  many  useful  ways. 

Infrared  Film:  Infrared  black  and  white  film  is  primarily  sensitive  to 
blue,  green,  red  and  near  infrared  light  radiations.  It  is  sometimes  exposed 
through  a red  filter  for  near  infrared  radiation  imprints.  Gray  tones  on 
infrared  result  from  reflections  from  the  surface  of  the  objects.  Broadleaf 
vegetation  is  highly  reflective  whereas  coniferous  or  needleleaf  vegetation 
are  less  reflective.  Bodies  of  water  absorb  infrared  wave  lengths.  Therefore, 
this  film  has  been  used  in  forestry  for  tree  species  delineations  and  to 
distinguish  or  map  water  land  contact  points. 

Color  film:  Photo  interpreters  who  wish  to  identify  natural  resources, 
such  as  vegetation,  terrain,  and  soil  types  and  above  all,  quality  of  water, 
have  used  color  films  successfully.  Some  counties  have  been  mapped  in  color 
for  State  Highway  Departments.  Most  available  coverage  has  been  black  and 
white,  however,  more  color  aerial  photos  have  become  available.  High  altitude 
color  aerial  photos  are  available  from  EROS,  Data  Center.  Color  film  is 
specially  valuable  for  soils  identification,  water  quality  and  industrial 
stockpiles. 

Infrared  Color:  Infrared  color  is  a false-color  film.  Three  emulsion 
layers  are  sensitized  to  green,  rad  and  infrared  radiation.  In  spring  and 
summer,  healthy  deciduous  trees  photograph  magenta  or  red  and  healthy  conifers 
photograph  reddish  to  bluish-purple.  Dead  or  dying  foliage  registers  as  a 
bright  green.  Healthy  foliage  whose  leaves  have  simply  turned  red  or  yellow  in 
autumn  photograph  yellow  and  white  respectively.  Waterbodies  are  dark  blue 
to  black,  and  built  up  areas  show  up  as  gray  to  blue.  This  film  in  recent 
years  is  proving  itself  to  be  the  most  useful  for  resource  management  planning 
and  environmental  mapping. 

Scale:  The  use  of  aerial  photography  for  problem  solving  requires 
some  understanding  of  scale.  An  aerial  photo  generally  is  available  in  a 
format  of  9"  x 9"  square.  They  cover  large  or  small  areas  based  on  their 
scale.  The  resolution  also  varies  with  scale. 
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The  following  table  roughly  shows  the  guidelines  for  resource  management 
surveys  based  on  aerial  photos. 

ENVIRONMENTAL  RESOURCE  MANAGEMENT  GUIDELINES 
FOR  PHOTO  SCALE  SELECTION 


Description  of  Topic 


Film  Type 


Scale 


a.  Inventory  of  Range  CIR 

Resources 


1:30,000  to  1:125,000 


b.  Environmental  Assess- 
ment and  Planning 


CIR  and  Color 


1:4,000  to  1:12,000 


c . Land  Use 


CIR,  Color,  1:12,000  to  1:125,000 

and  BW 


d.  Archeological  and  CIR  and  Color  1:4,000  to  1:12,000 

Historical  Sites 
Location 


e. 

Critical  Habitat 
Identification 

CIR  and  Color 

1:12,000 

to 

1:24,000 

f . 

Endangered  Species 

Habitat  Identification 

CIR  and  Color 

1:12,000 

to 

1:24,000 

g- 

Conservation  and  Recrea- 
tion areas  Location 

CIR  and  Color 

1:24,000 

to 

1:125,000 

h. 

Mineral  Deposit 

Color  and  BW 

1:12,000 

to 

1:24,000 

i. 

Population  Studies 

CIR 

1:12,000 

to 

1:60, 000 

B.  Skylab  S190B  and  S190A  have  been  used  successfully  as 
management  inputs.  The  Skylab  EREP  (Earth  Resource  Experiment 

resource 

Package) 

contained  various  remote  sensors.  Of  these,  especially  S190B  and  S190A 
are  of  interest.  The  S190B  terrain  mapping  camera  provided  color  and  color 
infrared  photographic  products  for  most  parts  of  the  United  States.  The 
S190A  multispectral  camera  provided  color,  CIR,  and  four  black  and  white 
photos  representing  four  bands  in  the  visible  spectrum.  Aldrich  (in 
Pacific  Southwest  Forest  and  Range  Experiment  Station  Paper  PSW-113)  has 
come  to  the  following  conclusion: 

The  Skylab  photographic  data  was  found  useful  at  two 
resource-oriented  sites  for  broad  classification.  Land  use 
classes,  such  as  forest  and  nonforest,  and  range  vegetation 
classes  at  the  Region  level  (Deciduous,  Coniferous,  and 
Grassland)  were  distinguished  with  acceptaaccuracy  when 
checked  against  ground  truth.  Enlarged  Skylab  S190B  photo- 
graphs (1:125,000)  can  be  used  for  coniferous  and  Grassland 
classes  mapping  with  an  accuracy  of  90  percent.  Paved  and 
gravel  roads,  utility  corridors,  large  mining  excavations  and 
clusters  of  buildings  can  also  be  mapped. 
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Sky lab  S190B  photos  in  some  cases  can  be  used  for  Air  Force  environ- 
mental management  needs  where  scales  of  1:125,000  are  applicable.  The  photo 
enlargements  can  be  ordered  for  fifty  dollars  per  each  color  print  of  size 
36"  x 36"  covering  an  area  fifty  to  one  hundred  percent  larger  than  Edwards  AFB. 
(Approximately  300  square  miles) 

C.  Landsat  satellites  move  in  an  almost  perfectly  circular  orbit  at  an 
altitude  of  570  miles  inclined  at  an  81  degree  relative  to  a plane  passing 
through  the  earth's  equator.  Two  imaging  sensor  systems  operate  on  the  Land- 
sat.  One  is  a television  camera  system  called  Return  Beam  Vidicon  (RBV) . 

The  second  is  a Multispectral  Scanner  (MSS) , which  produces  a continuous  image 
strip  built  up  from  successive  scan  lines  extended  perpendicular  to  the 
forward  direction  of  the  satellite's  orbital  motion.  The  four  bands  of  the 
multispectral  scanners  are: 


MSS  Band  No. 

4 

5 

6 
7 

(RBV  bands  are  numbered  1 


Wave  Length  (Micrometer) 

0.5  to  0.6 
0.6  to  0.7 
0.7  to  0.8 
0.8  to  1.1 

2,  and  3)  . 


Spectral  Region 

Green 

Red 

Near  Infrared 
Near  Infrared 


Various  features  found  on  the  surface  of  the  earth  reflect  differing  amounts 
of  light  at  different  wavelengths  and  therefore,  they  can  be  identified 
by  their  own  characteristic  reflectance  pattern.  The  digital  video  data  are 
reformated  into  Computer  Compatible  Tapes  (CCT)  and  analyzed  by  users  through 
a variety  of  computer  based  programs.  Each  of  the  four  black  and  white  images 
represents  a particular  band.  The  gray  tones  associated  with  individual 
features  vary  from  one  band  image  to  the  next  in  proportion  to  the  amount  of 
light  reflected  from  each  small  surface  area.  Color  images  are  made  from 
combination  of  individual  black  and  white  images  by  projecting  each  given  band 
through  a particular  filter.  The  usual  combination  consists  of  band  4 (green) 
projected  through  a blue  filter,  band  5 (red)  projected  through  a green  filter, 
and  band  7 (infrared)  projected  through  a red  filter.  In  this  rendition 
called  False  Color  Composite  (FCC) , growing  vegetation  appears  in  shades  of 
red,  rock  and  soil  normally  show  colors  ranging  from  blue  through  yellows 
and  browns,  water  stands  out  as  blue  to  black  depending  on  depth  and  amount  of 
suspended  sediment,  and  cultural  features  (towns  and  roads)  usually  are  recog- 
nized by  bluish-black  tones  arranged  in  characteristic  patterns. 

The  photographic  product  and  the  FCC,  give  a display  of  the  location,  but 
probably  cannot  be  used  to  fulfill  Air  Force  resource  management  needs.  The 
CCT,  however,  have  been  used  effectively  on  MDAS  (Bendix)  and  Image-100  (GE) 
computers  to  generate  maps  as  large  as  1:24,000  showing  land  use,  water  quality 
in  Michigan  lakes,  etc.  For  small  or  medium  sized  Air  Force  installations, 
the  cost  may  be  a limiting  factor.  It  should  be  pointed  out  that  the  cost  of 
these  maps  has  been  dropping.  Still,  a large  base  like  Nellis  AFB  could 
effectively  use  Landsat  data  for  resource  inventory. 

Many  experiments  using  Landsat  data  have  been  published.  Commercial 
corporations  like  Bendix  and  General  Electric  carry  out  resource  management 
studies  using  Landsat  imageries.  NASA,  USGS  and  many  other  federal  agencies 
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have  carried  out  experiments  successfully  using  Landsat  for  land  use  and 
environmental  resource  inventories.  Ellefsen  and  associates  have  demonstrated 
the  use  of  Landsat  CCT  for  land  use  studies.  Universities,  have  also  used 
Landsat  data  on  a cost  effective  basis. 

D.  RADAR  specially  developed  for  reconnaissance  and  continuous  mapping 
purposes  by  the  Air  Force  is  called  SLAR  (the  Side- Looking  Airborne  Radar) . 
Synthetic  Aperture  Radar  (SAR) , an  off  shoot  of  SLAR,  has  proved  itself  useful 
in  mapping  resource  in  Brazil  and  Venezuela.  Two  commercial  corporations  are 
foremost  in  the  RADAR  mapping  field.  They  are: 

1.  Aero  Service-Goodyear  Aerospace 

2.  Motorola  Aerial  Remote  Sensing  Inc 

A SLAR  K band  or  L band  have  all  weather  capabilities  with  maximum  penetra- 
tion of  clouds,  fog  and  rain.  With  an  imaging  range  of  more  than  50  km  and 
a recording  width  of  37  km,  large  area  surveys  become  economical.  The 
result  is  a continuous  mosaic  with  low  distortion,  which  especially  highlights 
the  terrain.  RADAR  is  a useful  tool  but  may  not  be  applicable  to  Air  Force 
environmental  management  needs. 

E.  UV  (Ultraviolet)  photography  and  scanning  imagery  have  been  used 
for  monitoring  oil  films.  UV  photography  may  be  acquired  with  suitable  film 
and  filter  combinations,  but  optical-mechanical  scanners  using  UV  filter  and 
detector  produce  better  images.  Because  of  scattering  of  UV  energy  at  high 
altitudes,  low  altitude  photography  (less  than  3,000  feet)  has  been  recom- 
mended. Air  Force  resource  management  use  of  UV  photography  could  become 
important  in  the  future. 

F.  Multispectral  Thermal  IR  is  highly  useful  for  monitoring  environmental 
conditions,  thermal  plumes,  oil  films  on  water,  and  underground  mine  coal 
fires.  Building  heat  loss  surveys  is  another  use.  Thermal  IR  images  are  pro- 
duced by  airborne  scanner  systems.  Multispectral  systems  are  costly  and  there 
is  no  ready  source  of  existing  imageries.  Equipment  and  contractors  have  to  be 
tasked  to  do  specific  jobs.  The  importance  of  thermal  IR  in  archeological  or 
historical  site  studies,  however,  should  not  be  discounted.  The  Air  Force 
resource  management  need  of  Multispectral  Thermal  IR  will  probably  be  minimal, 
but  may  be  useful  for  specific  applications  in  the  future. 

APPLICATIONS : 

Evaluation  of  different  types  of  remote  sensing  techniques  and  remote 
sensors  that  could  be  of  use  in  Air  Force  environmental  resouce  management 
indicates  that  existing  high  altitude  (scale  1:31,250  to  1:130,000)  NASA 
aircraft  color  Infrared  (CIR)  aerial  photos  are  of  highest  value.  These  photos 
are  available  from  EROS  Data  Center  (USGS)  Sioux  Falls,  SD  for  over  60  percent 
of  the  continental  United  States.  Private  companies  like  Mark  Hurd  Aerial 
Photos  also  have  high  altitude  aerial  photos  available  from  their  files.  It 
is  recommended  to  use  these  existing  CIR  aerial  photos  because  of  their  low 
cost  and  ready  availability. 

Many  studies  have  shown  that  color-infrared  aerial  photography  is  superior 
to  other  types  of  photography  for  interpretation  of  environmental  resources. 
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CIR  lends  itself  especially  to  land  and  water  surveys  because  of  its  ability 
to  distinguish  man-made  from  natural  surface  materials  such  as  built  up  areas, 
vegetation,  bare  soil  and  water,  and  its  ability  to  penetrate  haze  and  air 
pollution. 

Case  Studies: 

i.  A remote  sensing  survey  of  land  use  and  water  quality  relation- 
ship, Wisconsin  Shore,  Lake  Michigan,  was  conducted  by  Haugen  and  others  of 
US  Army  Corps  of  Engineers  (CRREL)  for  NASA.  The  primary  focus  of  this 
report  was  to  examine  the  feasibility  of  using  remote  sensing  methods  to 
rapidly  and  economically  assess,  on  a regional  scale,  the  effect  of  land  use 
as  it  influences  sediment  loading  of  streams.  A test  area  consisting  of 
several  major  watersheds  in  Eastern  Wisconsin  was  selected  for  the  development 
and  evaluation  of  techniques  to  achieve  this  objective.  A variety  of  aerial 
remote  sensors  were  applied  to  the  test  area  for  evaluating  and  developing 
data.  The  most  useful  imagery  product  was  found  to  be  NASA  color  infrared 
photography  acquired  at  60,000  feet  with  9 inch  format  using  R.  C.  8 and 
Zeiss  cameras. 

ii.  A Practical  Method  for  the  Collection  and  Analysis  of 
Housing  and  Urban  Environmental  Data:  An  Application  for  Color  Infrared 
Photography  by  Robert  Joyce,  Director  of  Los  Angeles  Community  Analysis  Bureau. 
This  study  was  presented  at  an  Eastman  Kodak  Seminar  on  "Aerial  Photography 

as  a Planning  Tool"  (Kodak  Publication  M128) . This  study  for  using  CIR  in 
Los  Angeles  City/County  Planning  suggests  that  remote  sensing  offers  an  attrac- 
tive alternative  to  current  urban  data  gathering  techniques,  especially  when 
using  color  infrared  film.  The  ability  of  color  infrared  film  to  resolve  small 
objects  and  to  differentiate  by  color  hue  makes  it  possible  to  derive  a wide 
range  of  information  from  aerial  photographs.  Several  properties  of  CIR  film 
make  it  almost  an  ideal  sensor  in  the  urban  environment:  (1)  vegetation  is 
enhanced  and  can  be  correlated  with  socioeconomic  factors,  (2)  haze  penetration 
is  possible,  (3)  small  objects  can  be  examined,  (4)  more  directly  observable 
information  is  contained  on  a CIR  image  than  on  any  other  sensor  image,  (5) 
interpretation  is  quite  easy  because  of  CIR's  close  relationship  to  normal 
photographic  systems  with  which  most  people  are  familiar,  (6)  A minimum  of 
interpretation  equipment  is  needed  if  the  imagery  is  examined  visually,  and 
(7)  the  imagery  is  inexpensive  relative  to  more  exotic  sensor  types.  The 
city /county  was  expected  to  obtain  CIR  at  a scale  of  1:5,000  and  develop  a 
data  bank  to  store  the  planning  data  from  CIR. 

iii.  Study  in  Remote  Sensing  for  Land  Use  by  Richard  D.  Shinn  and 
Frank  V.  Westerlund.  This  unpublished  study  was  conducted  under  contract  to 
Det  1,  ADTC,  Tyndall  AFB  FL.  This  study  has  evaluated  three  remote  sensing 
techniques: 

1.  Photo  Interpretation  of  High  Altitude  Aircraft  CIR 

2.  Equidensitometric  Processing  of  Aircraft  or  Landsat  Imagery 

3.  Statistical  Analysis  of  Landsat  Digital  Data. 


The  conclusion  of  this  study  was  that  high  altitude  aircraft  CIR  photo 
interpretation  was  the  most  cost  effective  method  of  preparing  land  use  maps 
of  Fairchild  AFB,  Washington  and  McChord  AFB,  Washington. 

iv.  USGS , Landuse  Maps  (1:250,000  and  1:24,000).  USGS  has  used 
high  altitude  aerial  CIR  photos  for  preparing  a series  of  maps  which  include 
up  to  level  II  land  use  (Anderson  and  others)  on  a scale  of  1:250,000  and 
level  III  and  some  IV  on  urban  area  maps  on  a scale  of  1:24,000.  Anderson's 
classification,  Land  Use  and  Land  System  for  Use  with  Remote  Sensor  Data, 
attempts  to  meet  the  need  for  current  overview  of  land  use/land  cover  on  a 
basis  that  is  uniform  in  categorization  at  the  generalized  first  and  second 
levels.  It  is  intentionally  left  open-ended  so  that  independent  agencies 
may  have  flexibility  in  developing  more  detailed  land  use  classification, 
cover  and  use.  Anderson  land  use  classification  is  based  on  four  digits  and 
is  similar  to  Air  Force  environmental  numbering  system.  The  first  digit 
99  class)  of  level  I land  use.  Second,  third,  and  fourth  digit  represents  II, 
III,  and  IV  levels  of  land  use  intensity  subclasses. 

Interpretation  and  Effectiveness: 


Possible  applications  of  CIR  for  Air  Force  needs  are:  AICUZ,  Environmental 
narrative  (base  line),  EIS,  Range  Planning,  Population  Distribution  and  APZ.  The 
high  altitude  9 inch  format  could  be  enlarged  to  36  inch  format.  One  9x9 
comprises  approximately  17  x 17  miles  = 300+  square  miles  in  area  at  a scale 
of  1:125,000.  When  enlarged  to  36"  x 36"  format,  the  scale  would  be  1:31,250. 
Further  enlargements  could  be  done  as  needed  for  spatial  location.  However, 
it  costs  less  to  order  fewer  large  scale  CIR  (1:5,000  or  larger)  photographs 
from  private  companies  as  needed.  Topographic  maps  with  2 to  4 feet  contour 
intervals  can  be  prepared  using  these  CIR.  Small  contour  interval  maps  have 
very  important  applications  in  engineering  projects  dealing  with  site  improve- 
ments, drainage  and  waterline  routing. 

Air  Force  bases  and  ranges  vary  greatly  in  area,  location,  climate, 
terrain,  and  degree  of  isolation.  CIR  remote  sensing  could  be  effectively 
utilized  by  base  (range)  Civil  Engineers  in  their  comprehensive  planning  pro- 
grams. Specific  applications  could  deal  with  locating  and  planning  in  the 
following  areas:  (a)  transportation  and  parking,  (b)  residential,  office 
and  commercial  facilities,  (c)  water  supplies  and  drainage,  (d)  agricultural 
and  forestry  land  use,  (e)  sports  and  recreations,  (f)  zoning  recommendations, 

(g)  archeological  and  historical  sites,  (i)  endangered  species  critical 
habitat  identification  and  (j)  environmental  assessment. 


Interpretation  Equipment  needed: 


No. 

Cost 

a. 

B&L  Magnifyer  (Tube  type)  5X 

2 

$50 

b. 

Pocket  Stereoscope  (Abram  or  CF6) , 

2 

50 

c. 

Mirror  Stereoscope  with  Binocular 
and  Height  Finder  (F71) 

1 

550 

d. 

Dot  Grid  (acre  grids) 

3 

10 

e. 

Polar  Planimeter  K&E 

1 

200 

f. 

Zoom  Trans ferscope  ZTS4 
(Bausch  and  bomb) 

1 

6000 

g- 

Portable  Imagery  Light  Table,  K&E 

1 

400 

h. 

Drafting  Table  and  Light  Table 

1 

800 

i. 

Mapograph  (with  suitable  accessories) 

1 

4000 

j- 

Stereo tope 

TOTAL 

1 

1800 

$13,860 

Most  of  these  are  available  through  Forestry  Supply  Company  (Appendix  A) 

Source  of  CIR: 

NASA  has  used  RB-57  or  U-2  high  altitude  aircraft  to  obtain  medium  and 
high  altitude  CIR.  These  are  available  from  EROS  Data  Center  (See  Appendix  B) 
at  scales  varying  between  1:31,250  to  1:130,000.  High  and  medium  altitude 
CIR  are  also  available  from  Mark  Hurd  Aerial  (Appendix  A) . But  to  gather  range 
USGS  also  has  land  use  data  base  built  up  primarily  on  high  altitude  CIR, 
which  are  available  to  users. 

Cost: 


i Imagery  and  Photo 

Cost 

a.  CIR  Photo  on  paper  9 inch  format  $7 

b.  CIR  Photo  on  paper  36  inch  format  50 

c.  CIR  film  positive  9 inch  format 

d.  Skylab  and  Landsat  products  (See  Appendix  B) 
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ii  A modest  remote  sensing  lab  for  CIR  photo  interpretation  will 
cost  $24  to  30  thousand  dollars  without  a film  processing  capability. 

iii  A Remote  Sensing  Graphic  Terminal  with  digitizer  system  (without 
computer)  will  cost  $40  to  60  thousand  dollars. 

Training  Requirement  for  User: 

As  a minimum  two  to  four  people  will  be  required  to  use  CIR  for  Air  Force 
environmental  resource  management  needs.  Some  experience  in  photo  interpre- 
tation would  be  an  asset.  This  training  could  be  provided  in  a series  of 
short  courses,  in  photo  interpretation.  Basic  mensuration,  CIR  interpretation, 
and  data  extraction  from  CIR  are  primary  objectives  for  such  training.  Pro- 
fessional seminars  and  symposiums  would  be  of  some  value.  Department  of  High- 
ways and  Transportation,  and  the  Defense  Mapping  Agency  (DMA) , either  at 
St  Louis,  Louisville,  or  San  Antonio  should  be  visited  for  demonstration  of 
manipulations  and  specialized  uses  of  aerial  photos. 

Alternate  Techniques: 

Skylab  S190B  photo  enlargements  could  be  used  as  an  alternative  to  high 
altitude  CIR.  In  large  area  studies,  Skylab  S190B  photos  would  be  highly 
valuable  for  study  of  population,  land  use,  transportation  routes,  and 
vegetation.  Skylab  S190B  product  can  be  obtained  from  EROS  (See  Appendix  B) . 

Landsat  CCT  can  greatly  enhance  environmental  assessment  for  large  areas 
like  Nellis  AFB  and  adjacent  ranges  on  a cost  effective  basis.  In  the  range 
planning  study  proposed  for  Nellis  AFB,  either  Image-100  (GE)  or  MDAS  (Bendix) 
and  CCT,  could  be  used  to  complete  an  en  array  of  environmental  resource 
inventory  parameters  . 

Color  and  BW  (high  altitude)  aerial  photos  could  be  used  for  gaps 
where  CIR  is  not  available.  In  case  of  shallow  water  areas.  Color  will 
be  superior  to  other  photos. 

RECOMMENDATIONS : 

a.  Establishment  of  Remote  Sensing  Lab 

Remote  sensing  is  going  to  play  an  increasingly  important  role  in 
natural  resource  management  and  planning,  as  the  quality  increases  and  the 
costs  decrease.  In  order  to  utilize  this  remote  sensing  capability.  Air  Force 
should  establish  a remote  sensing  lab  as  a focal  point  for  Air  Force  resource 
assessment  and  management. 

b.  Training  of  Personnel 

At  least  two  persons  would  be  required  full  time  to  fulfill  the 
needs  of  remote  sensing  in  resource  management.  The  training  of  researchers 
and  managers  should  be  arranged  through  short  courses  (two  or  three  days) 
and  demonstration  visits  for  application  and  other  training. 


c.  High  Altitude  CIR  be  used  for  resource  management. 

High  altitude  CIR  from  NASA  aircraft  should  be  primarily  used  for 
Air  Force  resource  management  and  environmental  needs 

d.  Manual  of  CIR  (high  altitude)  Use. 

For  the  use  of  CIR  in  the  Air  Force  environmental  resource 
management  needs,  a manual  of  CIR  (high  altitude)  applications  should 
be  prepared. 

e.  Landsat  CCT  enhanced  products  be  used  for  large  area  Air  Force 
range  planning,  such  as  Nellis  AFB  and  its  range  complex.  Skylab  S190B  and 
high  altitude  CIR  be  used  for  inventorying  and  extracting  data  for  smaller 
bases  on  an  experimental  basis,  such  as  Edwards  AFB  Precision  Impact  Range 
(PIRA) . 


f.  Environmental  baseline  documents  and  AICUZ  could  use  high  altitude 
CIR  for  general  location  maps  and  Compatible  Use  District  identification 

on  a regular  basis. 

g.  Automated  Resource  Management  Systems  based  on  aerial  photography 
or  space  data  (like  USGS,  Cornell,  NY,  BLM,  US  Dept  of  Interior,  and  various 
states  like  Florida,  Minnesota,  and  South  Carolina)  should  be  evaluated  as 
possible  future  systems  for  US  Air  Force  Resource  Management. 

h.  Air  Force  should  establish  a remote  sensing  center  to  coordinate 
its  own  activities  in  the  field. 
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APPENDIX  A 

Names  of  Important  Commercial  Groups 
in  Remote  Sensing/Resource  Management 


1.  Aero  Service  Goodyear  Aerospace 
8100  Westpark  Drive 

P.  0.  Box  1939 
Houston,  Texas  77001 

Telephone:  713-784-5800 

2.  General  Electric,  Space  Division 

ATTN:  Mr  Howard  L.  Heydt 

5030  Herzel  Place 
Beltsville,  Maryland  20705 

Telephone:  301-937-3500 

3.  Bendix  Research  Labs 

Bendix  Center 
ATTN:  Dr  Roger 

Southfield,  Michigan  48076 

Telephone:  313-352-7846 

4.  Motorola  Aerial  Remote  Sensing  Inc 
4350  E.  Camelback  Road 

Phoenix,  Arizona  85018 

5 . Mark  Hurd  Aerial  Surveys  Inc 
345  Pennsylvania  Ave 

S.  Minneapolis,  Minnesota  55426 

Telephone:  612-545-2583 

6.  Forestry  Supply  Company 
Jackson,  Mississippi 


Services/Equipment 

SLAR  (SAR) , Aerial  Photo 
Utilities  and  Urban  Planning 


Landsat,  CCT  and  Sky lab  leased 
Environmental  and  Land  Use 
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ABSTRACT 

The  South  Coast  Air  Quality  Management  District,  in  southern 
California,  is  presently  requiring  controls  on  underground  JP-4  tanks  at 
March,  Norton,  George,  and  Edwards  AFB.  It  is  expected  that  such  controls 
may  eventually  be  required  at  other  Air  Force  installations.  Therefore, 
an  engineering  study  was  undertaken  to:  (1)  review  the  problem  for 
Southern  California  and  make  recommendations  where  appropriate,  and  (2) 
determine  the  extent  of  the  problem  for  the  USAF  as  a whole. 

This  report  covers  the  first  of  these  objectives.  After  visiting 
the  above  mentioned  Air  Force  bases,  and  completing  an  engineering 
assessment  of  potential  control  strategies,  low  temperature  refrigera- 
tion and  recovery  of  condensed  JP-4  vapors  is  recommended  as  the  best 
control  method. 
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I. 


INTRODUCTION 


JP-4  underground  storage  tanks  are  used  primarily  to  supply  fuel 
hydrants  along  the  operational  apron  at  many  USAF  bases,  although  at  some 
locations  they  are  also  used  to  fill  tank  trucks  (notably  at  Edwards  AFB) . 

This  means  that  they  must  be  located  adjacent  to,  or  on  the  operational 
apron,  which  places  additional  constraints  on  the  methods  available  for 
vapor  control  (see  Alternative  Systems  below) . 

The  underground  tanks  are  normally  50,000  gallon  horizontal  cylinders, 
about  12  ft  in  diameter  by  60  ft  long,  with  a vent  pipe  and  submerged  pump  at 
one  end,  and  various  inspection  hatches.  They  are  filled,  either  by  pump  or 
gravity,  from  large  bulk  storage  facilities  where  the  fuel  is  initially 
brought  on  base.  The  bulk  storage  tanks  generally  have  internal  floating 
roofs,  and  are  often  far  from  the  operational  apron,  which  makes  vapor 
balance  impractical  ("vapor  balance"  is  where  the  vapors  from  the  underground 
tanks  would  be  returned  to  the  vapor  space  above  the  bulk  storage  tanks, 
during  filling  operations)  . 

II.  OBJECTIVES 

The  objective  of  the  summer  program  was  to  recommend  a control  method 
for  JP-4  emissions  from  underground  storage  tanks. 

The  result  was  a recommendation  for  low  temperature  vapor  condensation 
(See  Section  V.B) . 

III.  AIR  QUALITY  REGULATIONS 

Using  Southern  California  as  an  example,  any  tanks  larger  than  40,000 
gallons,  containing  volatile  organics  with  a true  vapor  pressure  of  1.5  psia 
or  higher,  must  either:  (a)  install  a floating  roof,  or  (b)  provide  a vapor 
recovery  system  capable  of  achieving  a 95  percent  reduction  in  emissions  (for 
the  Mojave  Desert,  this  has  been  modified  to  90  percent) . Underground  JP-4 
storage  tanks  at  March,  Norton,  George  and  Edwards  AFB  fall  under  this  regula- 
tion when  the  fuel  temperature  rises  above  66°F  (See  Figure  1) . Because  the 
tanks  are  horizontal  cylinders,  floating  roofs  cannot  be  installed,  and  vapor 
recovery  must  be  resorted  to. 

At  the  present  time,  both  March  and  Edwards  AFB  have  condensation  systems 
for  vapor  control.  However,  the  system  at  March  AFB  only  achieves  a 20 
percent  reduction  in  vapor  emissions  (see  below.  Section  V.B,  Low  Temperature 
Condensation,  for  a discussion  of  these  two  units) . 

IV.  JP-4  VAPOR  COMPOSITIONS 

Based  on  data  from  Petroleum  Analytical  Research  (PAR)  ^ , laboratory 
data  taken  by  Capt  Harvey  J.  Clewell  (2),  antj  <jata  taken  at  March  AFB  by 
the  University  of  California  at  Riverside,  the  liquid  composition  of  JP-4  was 
approximated,  and  the  saturated  vapor  composition  calculated  at  various 
temperatures.  (See  Appendix  A) . 
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These  calculations  are  largely  confirmed  by  actual  data  (See  Table  I 
and  Figure  1) . 

It  should  be  noted  that  JP-4  is  not  an  exact  mixture  of  hydrocarbons. 

Its  composition  varies  to  some  extent,  and  this  is  allowed  for  in  the 
military  specification. 

Still  uncertain  is  the  extent  to  which  the  vapor  space,  or  "ullage", 
above  the  liquid  level  in  the  tanks  is  saturated  with  hydrocarbons  during 
actual  filling  operations.  Some  data  indicate  a close  approach  to  saturation 
(e.g.  the  University  of  California  data  at  March  AFB) , while  others  indicate 
that  saturation  is  not  achieved  (EPA  data  at  March  AFB(3)).  This  will  be  a 
strong  function  of  the  filling  method  and  schedule. 

Considerations  of  the  extent  of  saturation  of  the  ullage  may  be  important 
from  a safety  standpoint,  since  the  upper  flammable  limit  of  JP-4  vapors  may  be 
more  closely  approached  for  an  unsaturated  condition.  (See  Table  II) . This 
will  become  a factor  in  considering  alternative  designs. 

V.  REFRIGERATION  SYSTEMS 


Two  types  of  refrigeration  systems  were  investigated: 

A.  Compression  and  condensation  of  vapors 

B.  Low  temperature  condensation  of  vapors  at  atmospheric 
pressure  on  the  surface  of  refrigeration  coils. 

A.  Compression  and  Condensation  of  Vapors 

This  type  of  system  could  present  serious  safety  problems,  because 
it  necessitates  the  compression  of  JP-4  vapors,  whose  concentration  may  lie 
within  the  flammable  region.  Such  a system  is  shown  schematically  in  Figure  2. 

In  order  to  minimize  the  safety  hazard,  a precompression  spray  chamber 
is  needed  to  insure  saturation  of  the  vapo  •;  with  JP-4.  However,  at  fuel 
temperatures  below  about  50°F,  no  amount  of  saturation  can  bring  the  vapor 
composition  above  the  flammable  limit.  In  such  cases,  a detonation  would  occur 
in  the  compressor. 

B.  Low  Temperature  Condensation 

This  involves  passing  the  JP-4  vapors  over  a cold  refrigeration  coil, 
and  condensing  out  the  hydrocarbons.  The  natural  pressure  of  the  vapor  being 
forced  out  of  the  tank  is  sufficient  to  drive  it  across  the  coils  and  out  the 
vent  (maximum  pressure  drop  is  about  2"  W.C.) . Therefore,  no  blowers  or  com- 

pressors are  needed  to  motivate  the  vapor,  and  consequently,  there  is  no  ignition 
source  in  the  vapor  path. 

This  type  of  refrigeration  system  is  diagrammed  in  Figure  3.  It  is  compact, 
and  relatively  easy  to  operate.  The  only  utility  requirement  is  electricity, 
and  the  condensed  JP-4  can  be  directly  returned  to  a storage  tank.  Data  from 
March  and  Edwards  AFB,  where  condensation  systems  are  already  installed  (see 
below) , indicate  that  fuel  quality  remains  unchanged  by  reintroduction  of  con- 
densed vapors  into  the  underground  storage  tanks. 


Because  the  JP-4  vapors  are  not  compressed,  the  refrigeration  coil  tempera- 
ture must  be  very  low.  For  90-95  percent  vapor  recovery,  the  coil  temperature 
will  have  to  be  about  -100°F,  or  lower  (See  Appendix  B for  calculations) . This 
temperature  is  supported  by  USAF  data^,  and  is  necessitated  by  the  dilution  of 
the  hydrocarbons  with  air  (only  12  to  26  percent  of  the  vent  vapors  is  JP-4) . In 
addition,  -100°F  is  in  the  typical  range  for  90  percent  condensation  of  gasoline 
vapors,  to  which  JP-4  is  similar,  and  for  which  present-day  commercial  equipment 
is  readily  available  (See  Appendix  C,  Edwards  Engineering  brochure) . In  fact, 
Edwards  Engineering  has  88  such  units  presently  operating  in  the  United  States, 
and  its  model  VC500,  installed  at  the  Southern  Pacific  Pipe  Lines  Terminal 
(in  Sacramento,  California) , has  been  verified  by  the  California  Air  Resources 
Board  as  achieving  97  percent  vapor  recovery  at  a gasoline  loading  rate  of 
305,000  gallons  per  day(^). 

It  should  be  noted  that  March  AFB  currently  has  a refrigeration  unit 
(designed  by  the  US  Army  Corps  of  Engineers)  operating  at  about  +40°F,  and 
recovering  only  20  percent  of  the  JP-4  vapors  . At  +40°F,  20  percent  recovery 
checks  approximately  with  the  calculation  method  used  above  (See  Appendix  B) . 
However,  Edwards  AFB  has  a design  nearly  identical  to  that  at  March,  with  the 
same  coil  temperature,  but  claiming  a recovery  of  96  percent  (®)  . This  contra- 
diction has  yet  to  be  resolved. 

At  a temperature  of  -100°F,  water  vapor  will  freeze  on  the  refrigeration 
coil  as  the  hydrocarbons  condense.  Periodically,  a defrost  cycle  (lasting 
approximately  1/2  hour)  will  melt  the  ice,  which  is  then  collected  and  processed 
separately.  Although  the  condensed  hydrocarbons  may  carry  over  a trace  of  water 
into  the  JP-4  tanks,  this  moisture  should  easily  be  removed  by  the  existing 
oil/water  separators. 


The  coil  temperature  is  maintained  at  all  times  at  -100°F,  and  therefore, 
the  unit  is  always  ready  to  receive  vapors.  A temperature  sensor  turns  on 
the  refrigeration  compressor  when  the  coil  temperature  rises,  and  shuts  it  off 
again  when  the  temperature  drops  down  to  a preset  value.  Therefore,  no  actuator 
(such  as  a fuel  flow  indicator)  is  needed  to  turn  on  the  unit.  During  standby, 
when  no  vapors  are  being  emitted,  the  heat  load  on  the  coil  is  very  small,  and 
the  compressor  should  only  kick-on  for  about  5 or  10  minutes  per  hour.  The 
reasons  why  the  heat  load  is  so  small  during  standby  ares  (1)  the  unit  is  well- 
insulated,  and  (2)  the  air  circulation  is  very  poor,  since  it  has  to  rely  on 
natural  convection  down  a narrow  vent  pipe.  However,  proper  sizing  of  the  unit 
is  critical,  so  that  when  vapors  are  generated  there  will  be  sufficient  refrig- 
eration capacity  to  maintain  a -100°F  coil. 

In  order  to  proceed  with  sizing  a refrigeration  unit,  or  indeed  any  control 
device,  the  system  capacity  must  be  determined.  That  is,  how  many  cubic  feet 
per  minute  of  vapor  will  be  vented?  This  in  turn  will  depend  on  the  method  of 
refilling  the  underground  storage  tanks. 

Assuming  only  one  tank  is  filled  at  a time,  at  a fill  rate  of  600  gpm,  the 
vent  rate  to  the  refrigeration  system  will  be  80  acfm  (See  calculations  in 
Appendix  D) . Such  a flow  rate  will  require  about  4 tons  of  refrigerant  (48,000 
BTU/hr) , with  a 10  hp  compressor.  This  translates  to  an  electrical  cost  of 
about  30C/hr  of  operation.  However,  80  acfm  of  vent  gas  will  contain  about 
100#/hr  of  JP-4  (for  a fuel  temperature  of  70°F) . At  a price  of  44C/gal,  this 
translates  to  a recovered  value  of  $8. 46/hr  of  operation.  Therefore,  the  value 
of  the  recovered  JP-4  will  exceed  electrical  cost  for  running  the  refrigeration 
compressor  by  $8. 16/hr  of  operation. 
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VI . ALTERNATIVE  SYSTEMS 


_JU- 


A.  Incineration 


Incineration  could  theoretically  provide  a viable  alternative  to 
refrigeration/condensation  systems.  This  would  involve  burning  JP-4  vapors  at 
temperatures  ranging  from  about  600°F  (for  catalytic  oxidation)  to  about  1400°F 
(for  standard  combustion) . However,  because  of  the  proximity  of  the  underground 
JP-4  tanks  to  the  operational  apron,  a combustion  source  may  be  highly  undesirable. 

Instead,  the  vapors  could  be  collected  and  piped  far  enough  away  from  the 
apron  to  satisfy  safety  requirements,  and  the  incinerator  located  at  that  dis- 
tance. However,  again  because  of  proximity  to  the  operational  apron,  underground 
vent  lines  may  be  required  in  many  situations,  which  entails  a high  capital  in- 
vestment. For  those  locations  where  the  underground  tanks  are  in  the  middle  of 
the  apron  (such  as  at  March  AFB) , the  runway  would  have  to  be  ripped  up  to 
install  such  lines. 

As  a further  safety  consideration,  the  JP-4  vapors  may  have  to  be  compressed, 
in  order  to  force  them  through  the  combustion  burners.  However,  because  of 
uncertainty  regarding  the  degree  of  saturation  of  the  vapors  (as  mentioned  above) , 
they  will  have  to  be  passed  through  a spray  chamber  prior  to  compression.  Again, 
even  presaturation  will  not  be  sufficient  for  fuel  temperatures  below  about  50°F., 
when  a detonation  is  likely  to  occur  in  the  compressor. 

Finally,  since  the  JP-4  vapors  are  burned,  there  is  no  recovery  value  as  with 
refrigeration.  Although  the  vapors  should  be  able  to  support  combustion  without 
auxiliary  fuel  (See  Appendix  E) , an  ignition  source  is  always  required,  and 
possibly  the  combustion  chamber  will  have  to  be  maintained  hot  during  periods 
when  vapors  are  not  being  vented.  Therefore,  operating  costs  will  be  high  com- 
pared to  a refrigeration  system. 

B.  Mono-Layer  Vapor  Suppression 

A relatively  new  method  of  vapor  suppression,  still  in  the  develop- 
mental stage,  is  to  cover  the  surface  of  a volatile  liquid  (such  as  gasoline) 
with  a monomolecular  layer  of  high  boiling  point,  low  density,  immiscible 
organic  liquid.  This  has  the  effect  of  coating  the  gasoline  surface,  and  sup- 
pressing its  vapor  pressure. 

The  major  obstacle  to  utilization  of  this  technique  is  the  method 
of  application  of  the  mono-layer:  i.e.,  getting  an  even  coating.  For  JP-4  tanks, 
which  have  a submerged  discharge  pump,  this  would  involve  a surface  application 
each  time  the  tank  was  emptied,  and  would  be  prohibitive  from  both  an  opera- 
tional and  cost  standpoint. 

Furthermore,  the  mono-layer  compound  could  contaminate  the  JP-4  unless 
tailored  specifically  for  this  application. 

C.  Carbon  Adsorption 

A third  alternative  would  be  to  adsorb  the  vented  hydrocarbons  on 
activated  carbon.  Conceivably,  this  would  take  the  form  of  a 55  gallon  drum, 
supplied  by  the  carbon  manufacturer,  and  attached  to  the  end  of  the  vent  pipe. 

As  the  drum  became  saturated  with  adsorbed  hydrocarbons,  the  manufacturer  would 
replace  it  with  a fresh  drum. 
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However,  as  with  incineration,  this  method  prevents  the  recovery 
of  any  JP-4.  Furthermore,  using  a "typical"  loading  for  low  molecular  weight 
hydrocarbons  of  0.1#/#  of  activated  carbon  (9),  the  carbon  usage  would  amount 
to  about  1000#/hr  of  operation.  This  is  far  too  excessive. 

VII.  RECOMMENDATIONS  AND  FUTURE  DEVELOPMENT 

1.  A test  refrigeration  unit  using  low  temperature  condensation 
should  be  installed  at  March  AFB.  This  is  the  most  likely  location,  since  they 
have  an  existing  vapor  collection  system  and  a high  fuel  turnover  rate  (March 
is  a SAC  base,  fueling  B-52s) . 

2.  In  order  to  size  a refrigeration  unit  for  March  AFB,  the  vent 
rate,  and  therefore  the  schedule  for  refilling  the  JP-4  underground  tanks, 
must  be  pinned  down  and  adhered  to.  The  more  tanks  that  are  filled  simulta- 
neously at  a given  fill  rate,  the  higher  will  be  the  capital  cost. 

3.  After  installation,  the  unit  should  be  tested  from  winter  through 
summer  seasons,  to  insure  operation  over  a wide  fuel  temperature  range.  Also, 
the  capacity  limits  of  the  unit  should  be  tested. 

4.  If  it  tests  favorably,  similar  units  should  be  specified  for 
Norton,  George,  and  (possibly)  Edwards  AFB.  In  this  regard,  the  vapor  recovery 
of  the  existing  refrigeration  unit  at  Edwards  AFB  must  be  confirmed, and  the 
contradiction  resolved  with  the  measured  recovery  presently  observed  at  March  AFB 
(see  Section  V.B  above) . 
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COMPOUNDS  JP-4  LIQUID  MOLE  FRACTIONS  VAPOR  MOLE  FRACTIONS 


Assumed  (Compounds  were  not  represented  in  PAR  Data) . 
Modified  PAR  data,  to  account  for  light-ends  representation 
Total  hydrocarbon  mole  fraction  in  vapor  space. 

Percent  breakdown  of  hydrocarbons. 


TABLE  II 


-10  F 
Storage 


Figure  2.  Compression/Condensation  System 


APPENDIX  A 


. . L 


CALCULATED  JP-4  VAPOR  COMPOSITIONS 


The  calculated  vapor  compositions  were  based  on  the  following  equation: 


where  Yj_  = mole  fraction  of  component  i in  the  vapor 

Xj_  = mole  fraction  of  component  i in  the  liquid 

= distribution  coefficient,  or  "K  factor",  determined 
empirically,  and  a function  of  temperature. 


The  K factors  for  paraffins 
For  all  other  hydrocarbons. 


IT 


up  to  C9  were  obtained  from  a DePriester  nomograph, 
the  K factors  were  approximated  using  Raoult's  Law: 


where 


p?  = vapor  pressure  of  component  i at  temperature  T 
tt  = total  system  pressure 


\<ot 


This  approximation  can  often  result  in  serious  errors:  however,  in  the 
present  case,  these  do  not  seem  to  be  major,  since  good  agreement  was  obtained 
with  experimental  values. 


Neglecting  the  vapor  contribution  of  C9+  (which  will  be  negligible) , mole 
fractions  were  calculated  for  each  component  in  the  vapor  phase,  and  summed: 


EY^  = total  mole  fraction  of  hydrocarbon  in  the  vapor 
1 - EY^  = mole  fraction  of  air 
(NOTE:  Mole  fraction  is  equivalent  to  volume  fraction) 
itEY^  = Total  vapor  pressure  of  JP-4 
T ixEYi 


59°F 

70 

110 


1.40  psia 

1.80 

3.76 


} These  are  plotted  in 

Figure  1 along  with  actual 
JP-4  vapor  pressure  data. 


i 
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-100  I c nem.  Eng.  Progr.,  Symposium  Ser.  7:49  (1953).) 


APPENDIX  B 

CALCULATED  CONDENSATION  TEMPERATURES  FOR  JP-4  VAPOR 
(at  atmospheric  pressure) 

The  following  equations  were  used  to  determine  the  condensation 
temperature  required  for  90  percent  removal  of  JP-4  vapors: 

VY^  + LX^  = WZ^  material  balance  around  component  i 

V + L = W overall  material  balance 

where  = initial  mole  fraction  of  i in  the  vapor 

Y^_  = equilibrium  mole  fraction  of  i in  the  vapor 
Xj_  = equilibrium  mole  fraction  of  i in  the  liquid 
W = initial  total  amount  of  vapor 

V = final  amount  of  vapor 
L = final  amount  of  liquid 


Dividing  by  W: 

Vi  + fixi  - zi 

where  fv  = vapor  fraction  = V/W 
f^  = liquid  fraction  = LA* 
fv  + — 1-0 

♦NOTE:  fi  = fraction  of  initial  amount  of  vapor  which  condenses.  Since 
most  of  the  initial  vapor  is  non-condensible,  f]_  will  never  be  > .25 

Also,  as  in  Appendix  A: 


fy^Xi  + (1  - fy)  XA  = Z± 

(1)  - 1)  + FJ  XA  * Zi 

Z^  = vapor  mole  fractions  given  in  Table  I (a  function  of 
temperature) 

Since  all  of  the  condensate  is  hydrocarbon  (water  has  been 
ignored  in  this  analysis) , 

IX±  = 1.0 
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Method  of  Solution 

a.  Pick  T (find  K factors) 

b.  Pick  fv 

c.  Use  equation  (1)  to  find  X^ 


d.  See  if  ZX±  = 1.0 


If  not,  return  to  (b) , until  correct  f is 
calculated  for  a given  temperature. 


e.  When  f^  is  found,  calculate  Y^  = Kj_X^ 

f.  Calculate  average  molecular  weight  of 
equilibrium  vapor  (MW) . 


f.  r sYi 

± - iYi 


h.  Initially: 


# hydrocarbon  in  vapor 

# air 


zz. 

70~ 

1 

i"  IZL 

29 

70 I # hydrocarbon  in  vapor 


i.  »*.  Wt.  percent  of  hydrocarbon  condensed  = 


ZZi  ~ ]r70  ZYi 

1 - IZi  29  1 - 

“z.  ”70" 

1 - EZi  29 


_ 1 -|  lYj  ||  1 - EZ-  MW 


SZil  1 “ ^ill70 


The  following  pages  show  example  calculations.  The  calculated  wt.  percent 
condensation  at  40°F  checks  approximately  with  the  measured  EPA  results  at 
March  AFB  ( and  the  final  result  is  consistent  with  data  taken  by  the 
Aerospace  Fuels  Laboratory  at  Wright-Patterson  AFB  . 

NOTE:  The  calculation  method  is  not  accurate  enough  to  distinguish  between 
90  percent  and  95  percent  recovery.  Ninety  five  percent  should  only  require 
about  10°F  lower  temperature. 

RESULT:  T =-90°F  (vapor  temperature) 

To  maintain  a reasonable  driving  force  for  condensation,  a -90°F  vapor  will 
require  a -100°F  coil. 
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Approximate  solution,  allowin 
line  higher  boiling  components. 


XBIS  RAGE  13  BEST  QUALITY  PBAGJACMW 
RBCp  QQgY  i^atL.smgu  Tf>  rinn  


/ 


DESIGNED  TO  MEET  REQUIREMENTS  OF  LOCAL  AIR  POLLUTION  AUTHORITIES.  THE  NEW 


EDWARDS  DE  UNITS  OFFER: 

1 . Continuous  performance  monitoring  as  required  by  the 
authorities.  All  new  units  are  equipped  with  three  analyz- 
ing, metering  and  recording  devices: 

la)  Hydrocarbon  vapor  analyzer  for  determining  periodic 
mol  percentage  of  Hydrocarbon  Vapor  entering  and 
leaving  the  unit. 

(b)  24-hour  or  weekly  chart  available  indicating  recovery 
condenser  temperature. 

(c)  Meter  giving  recovered  Hydrocarbon  in  liquid  gallons. 

With  these  instruments  the  unit  recovery  performance  and 


terminal  recovery  performance  can  be  determined  in  a few 
minutes.  This  equipment  meets  new  local  Environmental  Pro- 
tection Authorities  requirements  that  Environmental  Pro- 
tection Authority  personnel  can  easily  and  quickly  determine 
performance  of  unit  or  of  complete  terminal  at  anytime. 
2-  Lowest  electrical  operating  costs  in  industry. 

3.  Requires  no  replacement  or  reactivation  of  solid  ad- 
sorbents or  use  of  liquid  absorbents.  Meets  new  local 
Environmental  Protection  Authority  Requirements. 


Under  discussion  in  various  localities  is  the  requirement  that 


permits  for  installation  will  not  be  approved  unless  the  equip- 
ment contains  constant  performance  monitoring  capability. 
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T/?e  features  of  the  Edwards  DE  sdnes  deed  smgte  stage  condensing  unit  are: 


• No  time  lost  tor  frost  or  hydrate  removal 

• Constant  rate  of  vapor  recovery 

• Vapor  compression  or  storage  not  required 

• Simple  fully  automatic  operation 

• Low  operating  cost 

• Low  maintenance  cost 

• Long  equipment  life 

• Fully  factory  packaged  to  your  specifications 


• No  cold  brine  required 

• Recovered  liquid  hydrocarbons  contain  no  water 

• Direct  meter  record  of  hydrocarbon  recovery  in 
gallons 

• Recovered  liquid  hydrocarbons  can  be  pumped 
to  any  location  within  the  terminal 

• All  components  weather  proof  or  enclosed 

• Wiring  meets  explosion-proof  codes  as  ordered. 
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OUTSTANDING  FEATURES 


• No  time  lost  for  frost  or  hydrate  removal 

Since  the  DE-unit  is  equiDpec  with  a precooler  coil , the  quantity 
or  hydrate  formed  is  minimal.  Since  the  unit  is  in  normal  opera- 
tion only  10%  of  the  time  in  a typical  terminal,  the  unit  can  be 
quickly  defrosteo  during  periods  of  little  activity  (1  to  4 a.m.). 

If  the  equipment  is  to  be  run  continuously,  the  unit  can  be  eq- 
uippeo  with  a double  set  of  neat  recovery  and  low  temperature 
coils  thru  which  the  nydrocarbons  vapors  can  be  passed  alter- 
nately While  one  set  of  coils  is  being  used  for  condensation  of 
hydrocarbons  and  water  vapor,  the  alternate  set  of  coilsisoeing 
defrosted.  By  this  technique,  the  operation  of  the  unit  is  con- 
t.nuous  and  no  time  is  lost  for  the  lemoval  of  moisture  and 
hydrates. 

• Direct  meter  record  of  hydrocarbon  recovery  in  gallons 

Direct  reading  indicator  provides  the  user  and  operator  with  a 
cumulative  record  of  the  recovered  condensate  vapor  in  gallons. 
No  additional  eouiprr.ent  or  gages  are  required.  Hydrocarbon 
vapor  recovery  is  excellent  and  is  well  in  excess  of  90% 
deoending  upon  the  setting  of  the  controls. 

a Constant  rate  of  vapor  recovery 

In  coo'  tempe-atures.  the  refrigeration  caDacitv  of  the  equip- 
ment increases  which  n turn  compensates  for  the  usual 
■owennc  of  trie  Reid  Vapor  Pressure  during  cold  seasons.  In 
effect  tne  DE-series  of  vapor  recovery  machines  nas  been 
designed  to  achieve  a constant  rate  of  recovery  for  either  an 
increase  or  decrease  in  hydrocarbon  percentage  in  the  vapor  - 
a,r  entering,  as  well  as  for  a change  in  Reid  Vapor  Pressure. 

e Simple  fully  automatic  operation 

Operation  of  the  complete  unit  is  fully  controlled  from  tne 
smaie  pane!  within  the  enclosure.  All  functions  are  automatic. 
However,  remote  operation  with  safety  controls  are  availaDie 
at  tne  option  of  the  purchaser. 

T-.e  Edwards  Vaoor  Recovery  Units  are  furnished  with  auto- 
matic  controls  which  provide  operation  without  full-time 
attendance 

9 Low  operating  cost 

Tne  electrically  operated  vapor  recovery  package  has  a uart 
iCuioriy  modest  energy  consumpt.on  per  gallon  of  liquid 
hva?ocdrbon  recovered. 

t Low  maintenance  cost 

v o*‘  vj&ors  <s  acco^O'  sr.ed  bv  passing 

• -je  di»  v • u ’ t1  ■ o ro  d tf 3 " * ■ pn s * w ■’  ' * 3 r - s , 'esuitmg  >n 
7 '-fC*  : . ••  ox  v nor  vau>r$  at  at^ospnenc 

L‘ *-rc  *’’r  O'  Ci!  CQTO'eSSiOCi  o*  ’*  3 LXJ  r s 

:5  req_irec  thus  sin-pi.iy.ng  tne  equ  oment  recurred  end  re- 
ducing maintenance  Tne  maintenance  costs  are  reasonable. 


* Fully  factory  packaged  to  your  specifications 

Factory  packaged  units  are  available  With  various  cust:  — 
modifications  to  meet  on-site  specifications.  The  standc-c 
enclosure  is  designed  to  De  mounted  on  a concrete  pad  a~r 
does  not  include  a flooring.  If  the  unit  is  to  be  mounted 
elevated  supports,  a flooring  can  Oe  proviq'ea.  Al1  opera;.-: 
components  are  mounted  on  a steei  i-beam  base  reaav  to  piece 
on  site.  The  refrigeration  macninery,  except  for  tne  vaoc 
condenser  and  dehost  brine  storage  reservoir,  is  iocatec  with  - 
a weatner-proof  fire  resistant  enclosure.  P-ci.  -up  lugs  e-e 
provided  for  the  unit  for  ease  in  rigging. 

• Hydrocarbon  vapor  compression  not  required 

The  elimination  of  a preliminary  or  inteimediare  vapor  com- 
pressor unit  simplifies  the  total  operating  mechanism  a-c 
reduces  the  power  consumption.  In  addition  maintena-ta 
costs  are  reduced  and  equipment  safety  is  improved. 


✓ 

L 


9 Recovered  liquid  hydrocarbon  can  be  pumped  to 
any  location 

Simple  piping  can  be  used  to  automatically  return  the  cc* 
densed  liquid  hydrocarbons  from  the  insulated  condense- 
package  directly  to  any  convenient  location.  Cone;' :-r: 
water  vaoor  ;s  separated  from  the  condensed  l'vor .-.carbons  r: 
can  be  piped  to  tne  temirai  waste  .-.ara-  crprsa'  fad  s 

• Quality  of  the  effluent  vapor 

The  oamal  vapor  oressure  o’  tne  hydrocarbons  m the  effiur"- 
gas  anc  air  mixture  wi'l  be  fiorr  01  to  C.5  c.s.i.  depend  * : 
upon  the  finned  surface  temperature  and  chemical  Quality 
the  vaoor  input  to  tne  unit. 

o All  components  weather-proof  or  enclosed 

All  working  components  ana  electr.ca:  controls  are  e tne- 
weather-oroof  constructor,  or  art  housed  in  a weather-oi;  t* 
enclosure  constructed  of  fire-proo*  oui'ding  panels  w.tr  = - 
exter-or  of  uamrec  a'uminjm  ;-3ne  < This  --tvsure  prpy  r-: 
full  room  for  attending  Ca-sonne  to  erte’  fo-  -out  ne 
tanance  and  serv.ee. 


• Wiring  meats  explosion  proof  codes 


The  Edwards  Hydrocarbon  Recovery  Unit  is  construct ec  -s 
ordered  ov  tne  customer  to  meet  any  local  code  -ccuireme-t: 
All  v.i-.ng  is  complete  anc  ma»  me  ode  o’os’ec  ; : 

' ec ,.*r:*rd  c»  •if  cjp a "Mi\r  Tr  on-rC*.  :.v  *c' 

Long  equipment  life 

Tne  ;„caoe  reffiyerat.o-'  s.ste-r  fO’-OWS  :o' .e-.t.cna  ■ . - 
desig-  witr  an  almost  moef  - ;e  nte 

®HIS  PAGE  15  BEST  QUALITY  PRAottpa p 
KW*  OQPY  PlRftLSH£2D  tq  jjuq  ^ 
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SCHEMATIC  DIAGRAM 


DISCHARGE  FROM  UNIT 


HOW  THE  EDWARDS  HYDROCARBON  VAPOR  RECOVERY  UNIT  WORKS 


A conventional  Edwards  refrigeration  chihe  provides  glycol 
and  water  at  34°F  for  precooling  the  vacos  to  remove  as 
much  water  vapor  as  possiple  without  the  •.vmafion  of  hy- 
drates. The  effluent  vapors  leave  the  prercolei  at  a stand- 
ardized water  vapor  dew-point  condition  approximately 
34°F  and  34°F  dry  bulb. 

The  vaoors  after  ieaving  the  precooler  pas-  tnrouah  a cool- 
ing recovery  section  which  can  remove  to  25%  of  tne 
cooling  effect  of  the  low  temoerature  re-'-  .eration  system. 
After  passing  tnrougn  the  cooling  recove  . interchanger, 
the  vapors  pass  through  the  low  tempera*,  *e  refrigeration 
• apor  concenser  which  may  operate  be:  een  -80°F  to 
-1J5°F.  in  this  section  the  nydrocarbo*  .apors  are  con- 
densed to  a liquid  form  or  to  a nydroca’ : . - hydrate.  En 
trained  moisture  the  entering  vapor -an  " xture  conden- 


ses and  collects  as  frost  on  the  cold  plate  fins.  Condense: 
liquid  hydrocarbon  is  collected  at  tne  bottom  of  tne  vaoo- 
condenser. 

At  periodic  intervals,  defrosting  of  the  finned  surface?  ; 
accomplished  by  circulation  of  warm  dime  stored  in  a sep 
arate  reservoir.  The  temperature  of  the  warm  defrost  b:  nr 
is  maintained  by  heat  reclamation  from  the  r efr.gerapon 
equipment. 

Minimal  shut-down  t me  •$  retiuited  to  accomplish  defrost 
mg  in  the  standard  D E -unit,  since  the  unit  :s  equipped  wit' 
a piecooler  as  previously  described.  Tr.e  precooier  acts  tc 
remove  most  of  the  water  vapor  .n  the  entering  hvdrocar 
bon  vapor -air  mixture,  the-ebv  reducing  tne  time  -euuirec 
foi  defrost  Defrosting  's  completed  n 30  to  60  mmuies 
depending  upon  tne  amount  of  host  collected  on 
fmnen  coil. 


CONDENSATION  and  RECOVERY  OF  FLARE  VAPORS. 


These  vapor  recovery  units  can  bp  used  fo' 
vapors  in  flare  gases.  Since  the  dany  24  - 
many  cases  8 to  10  times  greater  than  the 
the  refinery  truck  terminal,  the  unit  can  b- 
recovery  of  valuable  hydrocarbons  that  an 
condenser  construction  shoulc  be  sPr : 
Product  recovered  from  the  flare  gas  cc. 
the  recovery  of  costs.  Th's  type  c f appiica:  .• 
tne  unit  is  to  oe  installed  in  conjunction 
recovered  from  the  flare  gas  would  be  but; 
with  some  abso'bed  oroDane.  A by  pass  If. 
is  installed  around  a relief  damuer  locate 
The  purpose  of  the  relief  jampe-  -s  to  p-  ■ 
to  tne  ware  .f  for  any  r»a<on  TP.»  .ape 
nuantity  of  tne  f a-e  gas 


-e  recovery  of  hydrocaipon 
jr  capacity  of  this  unit  is  in 
, picai  total  daily  loaamg  of 
omultaneouslv  used  *oi  tne 
present  in  flare  gases.  The 
bed  for  such  application, 
amply  contribute  toward 
s part  cularlv  ideal  where 
:n  a refinery  . T r.e  products 
es  ana  neavier  hydrocarbons 
.png  to  the  vaoor  condenser 
■ in  the  flare  gas  vaDor  line. 

t the  -.iOOrs  to  go  Directly 
,-uQense'  cannot  nar'die  tnf- 


To  f lare 


FLARE  vapor 


fKITX  kv  u*''' 


From 
Ref  m«rv 


From  T ruck 
Loading  Racks 
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■ " " rav-tas  are  based  or.  35%  by  volume  of  nvd'ocarbcn  vaoo* m ar  m v smerir.g  condenser  w -n  90  •ecove*\  'ateto:  c 

Vai  ■ P'essuffe  of  ’2  RVP.Ail  data  presentee  is  for  p-eummarv  estimating  ano  is  no:  to  be  used  «&r  r.a  construction  an.:  ' 
s:  a i at  i or-  without  consulting  the  factory  Data  presentea  is  oased  on  be  It -driving  open  compressors  at  soeeos  ranging  from  1 ' 00  to 
I 300  rpm  Compressors  are  capable  of  running  at  1750  rpm.  It  is  suggested  tnat  units  be  purchased  with  motors  of  sufficient 
h-j'sepowe'  capacity  to  operate  the  compressors  at  1 750  rpm  if  added  capacity  is  required.  It  is  recommenced  that  the  caoacit.  of 
tr.e  e.ectrTa:  .nes  to  the  compressors  be  sufficient  to  run  the  comoressors  at  1750  rpm  in  the  event  that  the  added  capacitv  s 

'o^u,  ra  n 


MODEL 

TRUCK  LOADING  RATE  or  GAS  PROCESSING  RATE 

AVERAGE  DAILY  CAPACITY 
and  POWER  USAGE  at  6C°  am- 
bient  temperature,  based  on  10% 
of  maximum  daily  through-put 

AVERAGE 
OPERATING 
POWER 
at  60°  amoient 
temperature 

GAL.  per  MIN. 
CONTINUOUS 

GAL.  per  MIN. 
INSTANTANEOUS 
for  alternating 

2%  min.  intervals 

GAL.  pe.  HR. 
CONTINUOUS 

GAL.  per  DAY 
MAXIMUM 
for  24  Hr. 
operation 

CU.  FT. 
per  DAY 

GAL.  per  DAY 

AVER  POWER 
USAGE  per  HR 

HP 

KW 

■an 

DE500 

500 

1000 

30.000 

720  000 

96,000 

72,000 

MTM 

14 

13 

OE700 

700 

1400 

42,000 

1,000,000 

133,000 

100,000 

HI 

19 

17 

DE 1000 

1000 

2000 

60,000 

1 .440.000 

’92,000 

144,000 

28 

ne. 

DEI 400 

1400 

2800 

84,000 

2,020.000 

269,000 

202,000 

7 6 

6.8 

38 

34 

DE2000 

2000 

4000 

120,000 

2,880,000 

384  000 

288,000 

11  0 

9.9 

55 

49 

DE2400 

2400 

4800 

144.000 

3,450,000 

460 .000 

345  000 

13.2 

11.9 

66 

59 

DE3000 

3000 

6000 

180,000 

4,320.000 

576,000 

432.000 

16  4 

14.8 

32 

74 

DE34O0 

3400 

6300 

204,000 

4,390,000 

652,000 

489.000 

18  6 

16  7 

93 

34 

DE4000 

4000 

8000 

240,000 

5,760,000 

768,000 

576,000 

22  0 

1S.E 

no 

95 

DE4800 

4800 

9600 

288,000 

6 910,000 

920,000 

691 ,000 

26.4 

23.8 

132 

ns 

DE6000 

6000 

12000 

360,000 

8,640,000 

1.150,000 

864,000 

23  0 

29,7 

165 

149 

DE7000 

7000 

14000 

420,000 

10,100,000 

1,350,000 

1 ,010,000 

38  4 

34.5 

192 

172 

DE80O0 

8000 

16000 

480,000 

11 ,500,000 

1,530,000 

1 .150,000 

44  0 

396 

220 

’98 

DE9500 

9600 

19200 

576,000 

13,800,000 

1,840,000 

1,380,000 

52.8 

47  5 

264 

238 

DE  12000 

12000 

24000 

720,000 

17,300,000 

2,300,000 

1 730,000 

66. C 

55.4 

330 

297 

APPROXIMATE  SHIPPING  DIMENSIONS 


MODE  L 
DE- 

500 

700 

— 

1000 

1400 

2000 

2400 

3000 

3400 

4000 

4800 

6000 

7000 

8000 

9600 

12000 

Width 

7V 

7'0" 

9'6” 

9’6" 

10'0" 

10’0" 

lO’O” 

10'0" 

11  '10" 

11  '10*' 

11*10" 

1V10" 

irio" 

11*10*' 

1 1 *10" 

Length 

Z2'0" 

24*0" 

26'C' 

30'0” 

30'0" 

33'0" 

34 'C' 

34’0" 

41  0' 

43'0’- 

44  0‘ 

52C 

r€  C 

56  C " 

Heght 

9'6" 

9o" 

9'6" 

9'6” 

9'6" 

9'6” 

9'6” 

9 "6  " 

9'6" 

9 1 6 " 1 

9'6" 

9 6“ 

Q.E. 

9 c" 

5'5' 

Vapor  Recovery  starts  at 


POMPTON  PLAINS.  IVEiV  JERSEY  0/<K4 
ph .( 20 1 ) 835  7.808  TELEX  130  131 
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APPENDIX  D 


CALCULATION  OF  REQUIRED  REFRIGERATION  CAPACITY  AND  ELECTRICAL  COST 

At  a fill  rate  of  600  gpm: 

Vent  rate  = fill  rate  = 600  gal 

min  = 80  acfm 

7.48  gal 
ft7 

For  vapors  at  70°f,  pounds  of  hydrocarbon  emitted  per  hour  is: 


The  EPA  measured  94  #/hr  at  March  AFB  ^ for  vapors  at  76°F,  and  a vent 
rate  of  93  cfm. 

Heat  capacities  for  paraffins  average  about  0.55  BTU  ^ . 

#°F 

Assuming  an  average  value  of  0.40  BTU  for  the  other  hydrocarbons,  the 

#°F 

average  heat  capacity  of  JP-4  vapors  is: 


Therefore,  molar  weighted  average  heat  capacity  of  JP-4  vapors  is: 


For  a refrigeration  temperature  of  -90°F,  the  rate  of  sensible  heat 
removal  for  a single  storage  tank  is: 


80  ft- 
min 


t3  60  min  70°F- (-90°F)  12 

in  hr 


11  BTU 


imole  °F 


359  ft3  530  °R 

# mole  492  °R 


21845  BTU 
hr 


In  addition,  there  is  latent  heat  removal  of: 

(106  #/hr)  (162  BTU)  = 17172  BTU/hr 
# 

(where  162  BTU/#  is  the  approximate  latent  heat  of  the  paraffinic 
hydrocarbons  ^ in  JP-4  vapors) . 


Total  heat  removal  required  = 39017  BTU 

hr 


Allowing  for  20  percent  heat  leak,  the  required  refrigeration  capacity  = 

39017  BTU  x 1.2  = 46820  BTU 
hr  hr 


This  corresponds  to  a 4 ton  (48000  BTU/hr)  refrigeration  unit,  for  a 
single  storage  tank  being  filled  at  600  gpm. 

From  Reference  6 (p.12-31),  it  would  appear  that  Freon  13  (monochlorotri- 
f luoromethane)  would  be  a good  refrigerant  for  this  application,  requiring 
a theoretical  horsepower  of  about  1.2/ton  of  refrigerant. 


Total  theoretical  hp=  (1.2)4  = 4.8 

which,  with  the  compressor  and  motor  inefficiency,  will  probably  mean 
an  effective  power  consumption  of  about  10  hp,  or  7.5  KW.  At  an  electri- 
cal cost  of  4t/KW-hr,  this  becomes  30C/hr  of  operation. 


APPENDIX  E 

HEAT  OF  COMBUSTION  OF  JP-4  VAPORS 


Heats  of  combustion  of  paraffins  are  all  about  19500  BTU  ^ , 

#HC 

and  the  vapors  are  all  richer  than  the  lower  flammable  limit.  There- 
fore, theoretically,  all  that  is  required  is  an  ignition  source. 
However,  the  incinerator  may  have  to  be  maintained  hot  even  on  stand- 
by, which  will  require  auxiliary  fuel. 


1 


Heat  requirement: 


11  BTU 


# mole  °F 


.1225  # mole  HC 


# mole  vapor 


or_  70 


(600°F-70°F) 


# HC 

# mole 


OR, 


680  BTU 
#HC 


1706  BTU 
#HC 


(for  catalytic 
oxidation  at 
600°F) 


(for  standard 
combustion  § 
1400°F) 


Therefore,  the  heat  content  of  the  vapors  is  more  than  sufficient 
to  maintain  combustion  temperatures. 
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ABSTRACT 


This  study  evaluated  the  feasibility  of  using  wood  grown  on  USAF  instal- 
lations as  fuel  to  supply  the  heating  energy  requirements  of  the  installations, 
replacing  conventional  fossil  fuels  currently  being  used.  Arnold  Engineering 
Development  Center,  Tennessee;  Barksdale  AFB , Louisiana;  Eglin  AFB,  Florida; 
and  Tyndall  AFB,  Florida  have  the  potential  for  supplying  significant  portions 
of  their  heating  energy  requirements  with  non-merchantable  timber  grown  on 
the  installations.  Avon  Park  Air  Force  Range,  Florida  has  the  potential  to 
supply  its  own  small  heating  energy  requirements  plus  those  of  MacDill  AFB, 
which  is  75  miles  away. 

Arnold  Engineering  Development  Center  presently  has  a central  plant  heat- 
ing system.  The  system  can  be  converted  to  a wood-burning  system  by  altering 
existing  boilers  or  replacing  them  with  boilers  having  wood-firing  capability. 
The  remaining  installations  do  not  have  central  plant  heating  systems,  but 
use  small  natural  gas  and  oil-fired  heating  units  in  individual  buildings. 
Conversion  of  these  installations  to  burn  wood  would  require  construction 
of  a wood-fired  central  system  or  systems.  An  alternate  method  of  convert- 
ing these  installations  is  through  the  use  of  a pyrolysis  unit  to  convert 
wood  to  fuel  gas  and  fuel  oil  which  can  be  burned  in  existing  heating  units. 

The  latter  alternative  cannot  be  implemented  until  a large  scale,  continuously 
operated  pyrolysis  unit  is  developed. 
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INTRODUCTION 


Shortages,  curtailments,  and  increasing  costs  of  natural  gas  and 
fuel  oil  used  to  supply  energy  for  comfort  heating  and  heating  of  indus- 
trial and  test  facilities  at  USAF  installations  are  well  known.  Predictions 
indicate  that  these  conditions  will  become  even  more  critical  in  the 
future  as  national  energy  requirements  increase  and  fossil  fuel  supplies 
are  depleted.  In  addition,  the  risks  associated  with  dependence  on 
foreign  oil  supplies  are  apparent.  In  order  to  prevent  jeopardizing  the 
missions  at  these  USAF  installations,  alternate  fuels  to  replace  natural 
gas  and  fuel  oil  must  be  developed. 

Some  USAF  installations  have  large  forested  areas.  For  these 
installations,  wood  can  be  considered  as  an  alternate  to  natural  gas  and 
fuel  oil  presently  being  used  as  heating  fuel.  In  addition  to  the 
obvious  advantage  of  availability  in  close  proximity  to  the  point  of 
use,  the  wood  represents  a dependable  supply  that  is  not  subject  to  the 
curtailments  and  shortages  associated  with  oil  and  gas.  Equally  as 
important,  wood  represents  a renewable  energy  resource  rather  than  a 
depletable  energy  resource.  Wood  is  clean  burning  with  low  sulfur 
content  and  low  ash  content  compared  to  coal.  In  fact,  wood  can  be 
burned  in  combination  with  high  sulfur  coal  in  order  to  reduce  emissions 
to  an  acceptable  level.  In  some  cases  the  cost  of  wood  fuel  is  lower 
than  that  of  other  fuels. 

Wood  fuel  is  not  without  its  disadvantages,  however.  Wood  is  bulky 
and  requires  complex  handling  and  storage  facilities  compared  to  oil  and 
gas.  The  handling  and  storage  facilities  required  for  wood  are  very 
similar  to  those  required  for  coal.  Wood  has  a low  heating  value  compared 
to  fossil  fuels.  The  burning  efficiency  of  wood  is  lower  than  that  of 
conventional  fossil  fuels,  primarily  due  to  the  high  moisture  content  of 
most  wood  fuel.  The  cost  of  wood  as  a fuel  is  influenced  by  the  fact 
that  there  are  competing  uses  for  wood.  Poles,  posts,  sawtimber,  pulpwood 
and  stumpwood  represent  high  value  wood  products  presently  harvested 
from  USAF  forest  lands.  Finally,  conversion  of  existing  heating  systems 
from  natural  gas  and  fuel  oil  to  wood  can  require  large  capital  investments. 

OBJECTIVE 


The  objective  of  this  study  is  to  evaluate  the  feasibility  of  using 
trees  grown  on  USAF  installations  as  fuel  to  supply  heating  energy  for 
the  installations  in  the  event  of  a severe  shortage  or  cutback  of  oil 
and  gas  fuels.  The  study  will  include  an  evaluation  of  the  modifications 
to  installation  heating  plants  that  are  necessary  to  allow  for  a change 
to  wood  fuel. 


WOOD-  RESOURCES 

A survey  of  USAF  installations  indicates  that  31  installations  have 
a total  of  approximately  581,930  acres  of  timber  lands  managed  under 
forestry  management  programs  as  shown  in  Appendix  1(1)*.  Of  these 
581,980  acres,  94  percent  of  the  forest  lands  is  on  six  installations  as 


Numbers  in  parentheses  refer  to  entries  in  the  List  of  References. 
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shown  in  Table  1.  The  remaining  25  installations  have  forested  areas  ranging 
from  60  to  6000  acres.  Since  these  installations  contain  almost  all  the  USAF 
forest  resources,  the  remainder  of  this  report  will  be  confined  to  an  exami- 
nation of  these  six  installations.  Note  that  five  of  the  six  bases  are 
located  in  the  southeastern  United  States. 

TABLE  1 

SIX  LARGEST  USAF  FOREST  AREAS 


Base  and  State  Approximate  Forest  Acreage 

Eglin  AFB,  Florida  (EAFB)  400,000 
Avon  Park  Range,  Florida  (APAFR)  60,000 
Arnold  Engineering  Dev  Center,  Tennessee  (AEDC)  31,000 
Tyndall  AFB,  Florida  (TAFB)  26,000 
Barksdale  AFB,  Louisiana  (BAFB)  17,000 
U.S.  Air  Force  Academy,  Colorado  (USAFA)  14,000 


548,000 

All  Other  33,980 

Total  581,980 


AVAILABLE  FORMS 

For  the  purpose  of  this  study,  the  available  forms  of  wood  fuel  can  be 
classified  as  merchantable,  non-merchantable , and  fuel  trees. 

Merchantable 

Forest  products  currently  being  harvested  and  sold  from  the  six  bases 
are  poles,  posts,  sawtimber  (for  manufacture  of  lumber),  pulpwood,  stumpwood 
(for  distillate  wood)  and  firewood. 

The  Air  Force  Forestry  Management  Program  operates  under  the  Reimbursable 
Forestry  Program  as  set  forth  in  Public  Law  86-601,  Section  511  of  1960  (see 
AFM  126-1) . This  law  provides  that  annual  operating  costs  for  forestry 
management  operations  such  as  reforestation,  fire  protection,  and  timber  stand 
improvement  for  the  entire  USAF  program  cannot  exceed  the  total  annual 
receipts  from  forest  sales  from  USAF  lands. 

Non-Merchantable 

One  form  of  non-merchantable  timber  is  the  residue  from  the  harvesting 
of  merchantable  timber.  This  residue  consists  of  tops,  branches,  foliage, 
stumps,  and  roots.  Tops  and  branches  are  sometimes  chipped  up  and  sold. 

Some  residue  must  be  left  in  the  woods  to  maintain  soil  quality  and  wildlife 
habitat.  However,  excess  residue  left  on  USAF  forest  lands  is  currently 
being  burned  as  a forestry  management  practice  to  reduce  the  danger  of 


forest  fires.  Another  form  of  non-merchantable  timber  consists  of  trees 
killed  by  natural  causes  and  trees  of  poor  form  or  of  a specie  that  is 
undesirable  commercially  (culls! .'  An  example  of  a cull  specie  is  a 
hardwood  in  a southern  pine  forest.  Barksdale  AFB  is  currently  paying 
$30.00  per  acre  to  have  cull  species  in  their  pine  forests  killed  as  a 
part  of  their  timber  stand  improvement  program.  A third  category  of 
non-merchantable  timber  consists  of  saplings,  seedlings  and  understory 
vegetation  which  must  be  cleared  out  periodically  for  timber  stand 
improvement,  fire  protection  and  wildlife  management  purposes.  Prescribed 
burning  is  frequently  employed  to  clear  out  this  type  of  vegetation. 

Manufacturing  wastes  such  as  bark,  sawdust,  shavings,  end  trims, 
slabs  and  edgings  represent  another  non-merchantable  source  of  wood 
fuel.  The  wood  manufacturing  industry  has  used  their  wood  wastes  as 
fuel  for  decades  and  is  moving  toward  energy  self-sufficiency  through 
the  use  of  their  wood  wastes  (2,3).  For  this  reason,  manufacturing 
wastes  will  not  be  available  as  a fuel  source  outside  the  industry  in 
future  years.  Urban  wood  wastes  are  best  considered  as  a component  of 
potential  fuel  derived  from  solid  wastes. 

Fuel  Trees 

Fuel  trees  are  fast  growing  species  grown  on  "biomass  farms"  or 
"energy  plantations"  specifically  for  the  purpose  of  providing  fuel. 
Research  indicates  that  fuel  tree  farms  may  be  feasible  (4,5),  but  not 
as  economical  as  using  non-merchantable  wood  that  results  from  the 
managed  production  of  merchantable  forest  products  (2,3). 


HEATING  ENERGY  AVAILABLE 

Anticipated  average  annual  sales  of  merchantable  timber  from  the 
six  installations  are  shown  in  Table  2.  Under  present  economic  conditions 
these  products  are  much  more  valuable  as  materials  than  they  would  be  as 
fuel.  The  production  and  manufacture  of  products  from  wood  is  much  less 
energy-intensive  than  the  production  and  manufacture  of  alternate  products 
from  other  materials  (3) . This  means  that  this  merchantable  wood  sold 
from  USAF  bases  contributes  much  more  to  the  national  economy  and  energy 
supply  in  the  form  of  raw  material  for  wood  products  than  as  fuel. 
Decreasing  supplies  and  increasing  costs  of  fossil  fuels  in  the  future 
will  cause  the  growing  of  merchantable  timber  to  continue  to  be  a high- 
priority  objective  of  USAF  forest  management  plans.  This  fact,  coupled 
with  the  dwindling  supply  of  manufacturing  wood  wastes  available  outside 
the  industry  and  the  lower  economic  incentive  for  growing  fuel  trees, 
leads  to  the  conclusion  that  the  best  source  of  wood  fuel  on  the  six 
installations  is  harvesting  residues,  culls,  saplings  and  seedlings  from 
forest  lands  managed  to  optimize  the  production  of  merchantable  timber. 

The  use  of  the  harvesting  residues,  culls,  saplings  and  seedlings  for 
fuel  is  compatible  with  good  forest  management  practices  for  timber 
stand  improvement , fire  prevention,  wildlife  protection  and  environmental 
protection. 

Table  3 shows  the  heating  energy  estimated  to  be  available  on  a 
continuous  basis  from  wood  grown  on  each  of  the  six  installations.  The 
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timber  sold  by  the  Air  Force  Academy  is  pine  firewood  cut  primarily  for 

insect,  disease  and  parasitic  plant  control.  The  base  forester  recommends  i 

leaving  the  residue  on  the  ground  to  aid  in  regeneration  of  the  forest. 

Thus,  the  only  fuel  wood  assumed  to  be  available  at  the  Air  Force  Academy 
is  that  presently  sold  for  firewood. 

For  the  five  installations  other  than  the  Air  Force  Academy  the 
heating  energy  available  from  harvesting  residue  was  calculated  based  on 
the  anticipated  annual  timber  sales  shown  in  Table  2.  The  harvesting 
residue  includes  tops,  branches,  foliage,  stumps,  roots  and  all  bark 
except  the  main  stem  bark.  The  mass  of  residue  resulting  from  the 
harvest  of  a certain  mass  of  merchantable  timber  (main  stem)  was  estimated 
using  information  contained  in  Reference  6. 

Heating  energy  available  annually  from  culls,  saplings,  and  seedings 
was  more  difficult  to  estimate  because  information  on  the  growth  rates 
of  this  type  of  wood  is  not  available.  Historically,  forest  inventories 
have  included  only  merchantable  timber.  However,  inventories  of  cull 
hardwoods  in  representative  southern  pine  forests  were  made  in  1968  and 
1977  (8,14).  The  inventories  show  an  increase  of  25  billion  cubic  feet 
of  cull  hardwoods  on  80  million  acres  of  southern  pine  forests  over  the 
nine-year  period  or  an  average  growth  rate  of  35  cubic  feet  per  acre  per 
year.  This  volume  represents  main  stem  wood  only  and  excludes  branches, 
tops,  foliage,  stumps  and  roots.  This  estimate  of  the  growth  rate  of 
cull  hardwoods  will,  therefore,  be  very  conservative.  Use  of  such  a 
conservative  estimate  will  compensate  for  such  factors  as  unfavorable 
climate,  poor  soil  fertility  and  terrain  poorly  suited  for  harvesting  at 
some  locations.  If  the  dry  weight  of  the  wood  is  taken  to  be  32.8 
pounds  per  cubic  foot  (6) , then  the  average  southern  pine  forest  produces 
approximately  1140  pounds  of  dry  wood  per  acre  per  year.  It  is  interesting 
to  note  that  an  independent  estimate  of  cull  hardwood  growth  in  the  pine 
forest  at  Barksdale  AFB , made  by  the  base  forester,  is  0.5  cords  per 
acre  per  year.  This  quantity  is  equivalent  to  1250  pounds  per  acre  per 
year  if  the  green  wood  weighs  5000  pounds  per  cord  and  has  a 50  percent 
moisture  content. 

Based  on  a higher  heating  value  of  8600  BTU  per  pound  of  dry  wood 
and  a boiler  efficiency  of  67  percent,  cull  hardwoods  in  southern  pine 
forests  are  conservatively  estimated  to  produce  6.6  million  BTU  of 
heating  energy  per  acre  per  year.  The  values  shown  in  Table  3 are  based 
on  6.6  million  BTU  per  acre  per  year. 

ENERGY  REQUIREMENTS 

Consumption  of  fossil  fuel  for  heating  purposes  on  each  of  the  six 
installations  was  determined  for  FY77  and  is  shown  in  detail  in  Appendix 
2.  It  should  be  noted  that  all  bases  having  fuel  oil  standby  capability 
burned  fuel  oil  rather  than  natural  gas  during  January,  February  and 
March  of  1977  in  order  to  help  alleviate  a severe  national  natural  gas 
shortage.  Because  Avon  Park  Air  Force  Range  has  limited  heating  energy 
requirements,  the  heating  energy  requirements  of  MacDill  AFB,  which  is 
75  miles  away,  were  included  with  those  of  Avon  Park. 
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TAELS  3 

HEATING  ENERGY  AVAILABLE  FROM  WOOL 
EFFICIENCY  GCRPECTEiO1 


Biiliacs  of  ETU  per  Year 


tallation 

Merchantable 

Timber 

Harvesting 
Residue * 

Culls . 
Haplinys , 

Etc^ 

Total 

VEDC 

123 

135 

308 

APAFR 

205 

205 

BAF3 

33 

112 

142 

EAFB 

2b2 

2,640 

2,922 

TAFB 

42 

172 

214 

CSAFA 

3.4 

0. 

Based  on: 

50%  moisture  content,  green-basis  (3) 

5000  lb/cord  density,  green  i~i 
67%  boiler  efficiency  (7} 

S6C0  BTU/lb  higher  heating  vaiue,  oven-dry  weed  (6) 

Tops,  branches,  fcliage  and  baric  on  tops,  branches  and  foliage  is  considered 
to  be  35.5%  of  main  stem  mass  (excluding  bark)  for  softwoods  and  47.5%  for 
hardwoods.  Stumps,  roots,  and  barb  on  stumps  and  roots  are  considered  to 
be  23%  of  che  main  stem  mass  (excluding  bark)  fer  both  hardwoods  and  soft- 
woods (6)  . 

Based  on  average  southern  area  growth  rate  of  1140  pounds  of  dry  wood  per 
acre  per  year  (main  stem  only) . 
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Table  4 shows  a comparison  of  the  annual  heating  energy  available 
from  wood  with  FY77  heating  energy  requirements.  The  quantities  in 
Table  4 reflect  the  typical  burning  efficiencies  of  the  wood,  natural  gas, 
fuel  oil  and  propane.  Table  4 shows  that  all  of  the  six  bases  except  the 
Air  Force  Academy  have  the  potential  to  supply  a significant  portion  of  their 
heating  energy  requirements  with  wood  grown  on  the  installation.  It  should 
be  noted  that  the  quantities  shown  in  Table  4 represent  wood  burning  potential 
only.  The  wood  energy  availability  must  be  verified  by  in-depth  studies  of 
cull  growth  rates,  etc.  In  addition,  the  economic  feasibility  of  harvesting 
and  transporting  the  fuel  wood  and  converting  existing  heating  systems  to 
burn  wood  must  be  considered. 

TABLE  4 

COMPARISON  OF  ANNUAL  HEATING  ENERGY 
AVAILABLE  FROM  WOOD  WITH  FY77  HEATING 
ENERGY  REQUIREMENTS  (EFFICIENCY  CORRECTED) 


See  Table  3. 

Based  on  consumption  listed  in  Appendix  2 and  the  following  burning 
efficiencies  (7) : 

Natural  Gas  77.8% 

Fuel  Oil  82.5% 

Propane  78.7% 


Installation 

Wood  Energy 
Available 
Billions  of  BTU 

Heating  Energy 
Requirements 
Billions  of  BTU 

Percentage  of 
Requirements 

Available  From  Wood 

AEDC 

308 

621 

50 

APAFR  + MAFB 

205 

167 

123 

BAFB 

142 

332 

43 

EAFB 

2,922 

607 

481 

• 

TAFB 

214 

178 

120 

USAFA 

0.4 

822 

0.05 

1 
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EXISTING  HEATING  SYSTEMS 


Descriptions  of  the  heating  systems  at  the  six  bases  were  obtained 
from  the  TAB  A-l  Environmental  Narrative,  Phase  II  for  each  base  and  through 
conversations  with  base  Civil  Engineering  personnel.  A brief  description 
of  the  heating  system  at  each  base  follows. 

ARNOLD  ENGINEERING  DEVELOPMENT  CENTER 


Arnold  Engineering  Development  Center  has  a central  heating  plant  that 
supplies  steam  for  comfort  heating  plus  steam  for  some  of  the  test  facility 
heaters.  In  addition,  natural  gas  and  propane  are  burned  directly  in  some 
of  the  test  facility  heaters.  Plant  A consists  of  three  boilers  with  a 
capacity  of  60,000  lb /hr  each  of  200  psig  saturated  steam  and  one  boiler 
that  supplies  20,000  lb/hr  of  200  psig  saturated  steam.  Input  capacity  of 
these  boilers  are  70  million  BTUH  each  and  23.5  million  BTUH,  respectively. 
Plant  A,  installed  in  1951,  was  coal  fired  until  1971  when  the  boilers  were 
converted  to  natural  gas  and  fuel  oil.  The  larger  boilers  were  pulverized 
coal  fired  and  the  smaller  boiler  was  stoker  fed.  Much  of  the  coal  and  ash 
handling  equipment  is  still  installed,  however,  the  pulverizer  units  are 
not  in  salvageable  condition. 

Plant  B,  installed  in  1965,  supplies  42,000  lb/hr  of  725  psig  saturated 
steam  for  the  test  facilities  and  runs  only  when  needed.  This  boiler  is  a 
natural  gas  and  fuel  oil-fired  package  boiler  with  a 65.6  million  BTUH  heat 
input.  In  addition  to  the  steam  system,  direct-fired  natural  gas  and  pro- 
pane heaters  with  a total  input  capacity  of  800  million  BTU  are  used  as 
needed  in  the  test  facility.  Family  housing  is  heated  by  individual  electric 
resistance  heaters.  A FY79  MCP  proposes  adding  to  Plant  A a new  boiler 
supplying  80,000  lb/hr  of  200  psig  saturated  steam  and  fired  by  coal  and 
refuse-derived  fuel  (9) . The  estimated  total  cost  in  FY79  dollars  is  $3.04 
million.  Clearly,  wood  should  be  one  of  the  fuels  burned  by  this  new  boiler. 

AVON  PARK  AIR  FORCE  RANGE 

No  TAB  A-l  is  available  for  Avon  Park  Air  Force  Range.  Discussions 
with  the  Base  Civil  Engineer  indicate  that  there  is  no  central  heating  plant 
at  Avon  Park.  Older  buildings  are  heated  by  propane-fired  space  heaters. 

Two  buildings  utilize  oil-fired  hot  water-type  heating  systems.  The  newer 
buildings  are  heated  electrically.  The  small  size  of  the  facilities  coupled 
with  the  mild  winter  climate  make  heating  energy  requirements  at  Avon  Park 
quite  small. 

MACD ILL  AFB 


MacDill  AFB  is  located  75  miles  west  of  Avon  Park  and  has  primary 
responsibility  for  operation  of  the  range.  MacDill  AFB  is  the  closest  USAF 
installation  to  Avon  Park  and,  therefore,  the  installation  that  could  best 
make  use  of  wood  fuel  grown  at  Avon  Park. 

MacDill  AFB  has  no  central  heating  plant.  The  base  hospital  is  heated 
with  three  oil-fired  boilers  having  a total  input  capacity  of  18  million 


BTUH.  Sixty-five  natural  gas-fired  boilers  ranging  in  size  from  195,000  to 
8,375,000  BTUH  supply  individual  buildings  with  steam  or  hot  water.  Thirty- 
three  oil-fired  heating  systems,  ranging  in  size  from  190,000  to  980,000 
BTUH  supply  steam  or  hot  water  for  individual  buildings.  Family  housing 
units  are  heated  by  706  individual  natural  gas-fired  furnaces  of  80,000  BTUH 
each. 

BARKSDALE  AFB 

Barksdale  AFB  has  no  central  heating  plant.  One  small  central  system 
provides  heating  for  four  buildings.  All  other  buildings  are  heated  with 
individual  gas-fired  units.  The  EPA  Air  Pollution  Emissions  Report  contained 
in  the  Barksdale  AFB  TAB  A-l  lists  2460  individual  combustion  sources  on  the 
base. 

EGLXN  AFB 


No  TAB  A-l  is  available  for  Eglin  AFB.  Eglin  AFB  has  no  central  heating 
plant.  Most  buildings  utilize  individual  natural  gas-fired  heating  systems. 
Some  buildings  use  fuel  oil  and  LPG-fired  units.  In  order  to  provide  a short- 
term solution  to  the  problem  of  natural  gas  curtailments,  heating  units  in 
17  buildings  have  been  converted  to  burn  fuel  oil  as  well  as  natural  gas. 

All  of  these  units  have  a capacity  greater  than  100  boiler  horsepower.  Units 
in  an  additional  35  buildings  are  scheduled  for  conversion  to  natural  gas/ 
fuel  oil  firing. 

As  a long-term  solution  to  natural  gas  shortages,  plans  are  being  made 
to  install  six  central  plaints  to  supply  steam  and  hot  water  for  heating  and 
absorption  cooling.  One  plant  would  be  fueled  with  refuse  and  wood,  three 
with  wood  and  two  with  coal.  Estimated  annual  consumptions  of  wood  and  coal 
are  61,500  tons  and  116,600  respectively.  The  2,922  billion  BTU  of  wood 
energy  potentially  available  annually  as  shown  in  Table  3 represents  approxi- 
mately 254,000  dry  tons  of  wood.  Eglin  AFB  has  the  potential  to  supply  much 
more  of  its  heating  and  cooling  energy  needs  from  wood  fuel  than  is  currently 
planned. 

TYNDALL  AFB 


Tyndall  AFB  has  no  central  heating  plant.  Buildings  are  heated  with 
individual  natural  gas-fired  units.  Three  of  the  larger  buildings  have 
fuel  oil  standby  firing  capability. 

U.  S.  AIR  FORCE  ACADEMY 


The  Air  Force  Academy  has  two  natural  gas/fuel  oil-fired  central  heating 
plants  that  provide  the  bulk  of  the  heating  energy  for  the  installation. 
Family  housing  and  some  outlying  buildings  are  heated  with  individual  gas- 
fired  units.  A FY80  MCP  proposes  to  convert  the  two  existing  central  plants 
to  a single  coal-fired  central  plant. 
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UTILIZATION  OF  WOOD  FUEL 

In  a typical  harvesting  operation,  residue  from  merchantable  timber, 
cull  trees,  etc.,  would  be  chipped  in  the  woods  with  a mechanical  chipper 
and  blown  into  a chip  van.  The  chip  van  would  then  be  transported  by 
road  to  the  central  heating  plant  where  the  chips  would  be  unloaded  into 
storage  silos,  bins,  or  a storage  pad,  either  covered  or  uncovered. 

The  wood  may  be  burned  directly  in  a central  plant  to  produce  steam 
or  hot  water  for  heating  or  converted  to  alternate  forms  of  fuel  such  as 
fuel  gas,  fuel  oil  and  charcoal  in  a process  such  as  pyrolysis.  Direct 
burning  is  adaptable  to  an  installation  having  an  existing  central 
heating  plant  by  converting  the  boiler  to  wood-firing  or  replacing  the 
boiler  with  a wood-fired  boiler.  Existing  distribution  and  return 
lines,  and  heat  exchangers  in  buildings  served  by  the  existing  central 
plant  could  be  used  without  alteration.  The  conversion  of  an  installation 
having  an  existing  central  heating  plant  is,  therefore,  attractive  from 
the  standpoint  of  the  low  capital  investment  required  for  conversion. 

Conversion  of  an  installation  not  having  an  existing  central  heat 
plant  would  require  either  constructing  a wood-fired  central  heating 
system  or  systems  to  serve  the  heating  needs  of  the  installation  or 
constructing  a plant  such  as  a pyrolysis  plant  to  convert  the  wood  to 
fuel  gas  and/or  fuel  oil  that  could  be  used  to  fire  existing  heating 
systems.  A pyrolysis  unit  would  require  minimum  changes  to  existing 
heating  units  on  an  installation  having  small  natural  gas  or  fuel  oil- 
fired  heating  units  in  individual  buildings.  Converting  such  an  installation 
to  a wood-fired  central  plant  system  would  require  not  only  the  construction 
of  a central  wood-fired  boiler  but  the  construction  of  steam  or  hot 
water  distribution  and  condensate  return  lines  from  the  central  plant  to 
individual  buildings,  and  the  replacement  of  the  existing  furnaces  and 
small  boilers  in  individual  buildings  with  heat  exchangers  that  could 
utilize  the  steam  or  hot  water  from  the  central  plant. 

DIRECT  FIRING 

Wood-fired  boilers  may  be  of  the  spreader-stoker  type,  cyclone  type 
or  fluidized  bed  type.  Spreader-stoker  type  boilers  require  the  least 
fuel  preparation  while  cyclone  type  boilers  require  elaborate  fuel 
preparation  facilities.  More  than  200  wood-fired  boilers  have  been 
constructed  in  the  United  States  during  the  last  decade  (10) . Installation 
of  wood-fired  boilers  would  require  no  technology  not  already  available. 

For  those  installations  where  all  of  the  heating  energy  requirements 
cannot  be  supplied  with  wood,  consideration  should  be  given  to  burning 
wood  in  combination  with  coal,  refuse-derived  fuel  and  sewage  sludge.  A 
mixture  of  high  sulfur  coal  and  wood  provides  a fuel  that  can  meet  EPA 
requirements  for  sulfur  dioxide  emissions. 

PYROLYSIS 

A number  of  processes  have  been  developed  that  use  pyrolysis  to 
convert  wood  to  fuels  such  as  gas,  oil  and  charcoal  (11) . The  advantage 
of  such  a conversion  process  is  that  the  fuel  gas  and  fuel  oil  could 
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replace  natural  gas  and  fuel  oil  used  to  fuel  existing  heating  systems. 

Since  the  four  installations  that  do  not  have  central  heating  plants 
have  a large  number  of  small  natural  gas-fired  heating  units  and  a 
number  of  small  oil-fired  heating  units,  a pyrolytic  conversion  unit  is 
an  extremely  attractive  possibility  for  utilizing  wood  as  a fuel  without 
the  high  capital  costs  required  to  construct  a wood-fired  central  plant. 

The  major  disadvantage  of  the  pyrolytic  fuel  gas  is  its  low  higher 
heating  value  - typically  200  BTU/cu.  ft.  compared  to  1000  BTU/cu.  ft. 
for  natural  gas.  The  higher  heating  value  of  pyrolytic  fuel  oil  is 
approximately  66  percent  that  of  No.  2 Fuel  Oil.  Some  of  the  pyrolytic 
fuel  oil  is  highly  corrosive  to  mild  steel,  a characteristic  that  could 
pose  problems  in  using  the  oil  in  existing  systems. 

A commerical  prototype  pyrolysis  plant  designed  to  process  50  dry 
tons/day  of  lumber  mill  wastes  was  installed  in  a small  lumber  mill  in 
Cordele,  Georgia  in  1973  (12,13).  The  Cordele  plant  was  operated  on  a 
24-hours-per-day  basis  for  a period  of  eighteen  months,  producing  gas, 
oil  and  charcoal.  Technology  for  the  pyrolytic  process  has  not  yet 
reached  the  state  that  would  allow  the  construction  of  a large  scale, 
continuously  operating  pyrolytic  conversion  unit  for  use  at  a USAF 
installation. 

COMPARATIVE  FUEL  COSTS 

Table  5 shows  average  unit  fuel  prices  paid  by  the  five  installations 
in  FY77.  Also  shown  in  Table  5 are  the  equivalent  costs  of  wood  (50  percent 
moisture  content,  green  basis)  and  bituminous  coal.  For  example,  at  AEDC 
the  average  cost  of  fuel  oil  in  FY77  was  S. 39/gal.  Fuel  oil  at  $. 39/gal, 
wood  at  $19. 36/ton  and  bituminous  coal  at  $77. 42/ton  all  have  the  same  cost 
per  BTU  of  heat  added  to  heating  steam,  water  or  heated  air.  Wood  at  less 
than  $19. 36/ton  or  coal  at  less  than  $77. 42/ton  would  be  more  economical 
than  fuel  oil  at  $. 39/gal. 

TABLE  5 

FY  77  FUEL  PRICES  AND  EQUIVALENT 
COST  OF  WOOD  AND  COAL 


Natural  Gas 


No.  2 Fuel  Oil 


Installation 

$/MCF 

$/gal 

AEDC 

1.75 

(12.91) 

[51.62] 

.39 

(19.36) 

[77.42] 

.33 

BAFB 

1.15 

( 8.48) 

[33.92] 

EAFB 

1.55 

(11.43) 

[45.72] 

.35 

(17.37) 

[69.48] 

.32 

TAFB 

1.55 

(11.43) 

[45.72] 

.40 

(19.86) 

[79.41] 

APAFR  & MAFB 

1.62 

(11.95) 

[47.79] 

.37 

(18.37) 

[73.45] 

Propane 

$/gal 


( ) 


basis) 
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A 1976  test  by  Weyerhauser  Company  on  hardwoods  in  pine  forests  in  North 
Carolina  showed  that  the  average  cost  of  harvesting,  chipping  and  delivering 
hardwood  chips  was  $11.00  to  $12.50  per  ton  (50  percent  moisture  content, 
green  basis)  for  trees  5-8  inches  DBH  (diameter  breast  height)  and  $9.50  - 
$10. 00/ton  for  trees  9 - 24+  inches  DBH  (2) . Weyerhauser  projected  that 
improvements  in  harvesting  technology  would  reduce  these  costs  to  $9. 00/ton 
for  trees  5 - 24+  inches  DBH  by  1978  and  $8. 00/ton  for  trees  0-24  inches 
DBH  by  1981.  These  costs  do  not  include  any  costs  associated  with  convert- 
ing heating  plants  to  wood  fuel  or  operating  chip  storage  and  handling 
facilities  at  the  heating  plant. 


Reference  to  Table  5 shows  that  wood  fuel  would  be  competitive  in  cost 
to  the  fuel  oil  burned  at  the  five  installations.  Most  of  the  fuel  oil  is 
burned  during  periods  of  natural  gas  curtailment.  As  natural  gas  prices 
rise  wood  fuel  harvesting  and  delivery  prices  are  expected  to  be  competitive 
with  natural  gas  prices. 


CONCLUSIONS 


Preliminary  information  indicates  that  Arnold  Engineering  Development 
Center,  Barksdale  AFB,  Eglin  AFB,  and  Tyndall  AFB  have  the  potential  for 
supplying  a significant  portion  of  their  heating  energy  needs  from  non- 
merchantable  wood  grown  on  the  installation.  Avon  Park  Air  Force  Range 
has  the  potential  for  supplying  all  of  its  own  heating  energy  needs  plus 
those  of  MacDill  AFB.  The  harvesting  of  wood  for  fuel  would  be  consistent 
with  forestry  management  practices  designed  to  optimize  the  production 
of  merchantable  timber,  improve  wildlife  habitats  and  protect  the  environment. 


Of  the  above  installations,  only  Arnold  Engineering  Development 
Center  has  an  existing  central  plant  heating  system  which  could  be 
adapted  to  burn  wood  fuel  by  installing  a boiler  with  wood-firing  capability. 
The  installations  not  having  central  heating  systems  can  be  converted  to 
burn  wood  by  either  installing  a central  heating  plant  system  using 
wood-fired  boilers  or  by  installing  a pyrolysis  system  to  convert  wood 
to  fuel  gas  and  fuel  oil  that  can  be  burned  in  existing  heating  systems. 
Further  research  is  required  to  establish  the  technical  feasibility  of 
the  pyrolysis  system. 


Although  waste  wood  from  wood  products  industries  near  USAF  installations 
is  currently  available,  the  supply  of  manufacturing  wastes  available  for 
purchase  will  decrease  as  the  wood  products  industry  supplies  more  and 
more  of  their  energy  needs  by  burning  their  own  waste  wood.  For  this 
reason,  USAF  installations  cannot  depend  on  manufacturing  wastes  as  a 
source  of  wood  energy.  Cull  trees  from  non-USAF  forest  lands  near  USAF 
installations  may  be  a source  of  wood  fuel  for  these  installations. 


RECOMMENDATIONS 


It  is  recommended  that  zhe  US AF  ta.-ie  steps  tc  implement  tv  r burning  of 
wood  co  supply  iieac.  ng  energy  at  .Venule  Engineering  Development  Center, 
3arksdale  APB.  Egij  n i“B,  Tynfis  AJ-3.  . r.  i .ac'-ili  AF?.  iDt,cizis  recommen- 
dations arc  as  foil -a*;; 

1.  Detailed  studies  .-.-.ould  ce  rvie  at  i ; Engineer  ,*-ve.lopm&nc  Center,. 

Avon  Park  .Air  Eero-;  Range  a vusdaje  Ac  ■' . Eg  l in  API  ar.c  Tyndall  APE  In 
order  to  define  acre  exact.'.;  the  ti.ar.ti  ties  of  wood  i tel  that  oar.  be 
harvested  annually  on  a cov.t.nuous  basis  under  the  spurific  conditions 

of  climate,  soil  character  is  c ucs , ter:*  a;  : , :ad  system;;,  existing 
timber  stands  and  mission  reguiremer ns  : t each  installation. 

2.  A study  should  b<  made  of  the  techriool  i.nd  cccr-vs:-  teanibii  ity  or  a 
large  scale  pyrolysis  plant  capable  :1  contiru  w'.i.i  O ;62T3L^rLC:.  ctAC  > 3*iUC* 
tion  cl  fuel  gee  :r  fuel  gap  md  .Tut i cil  from  wo,,. 

3.  A stud',  'should  » ( made  to  ce  term:’ re  <hat  .modi  f.«a : .uns,  i:  , y,  • •-. 

needed  to  ourr.  roiytio  fuel  gas  a i p\z ..  ..yt.."  oi_  . iris*.  . r 

small  r«.tural  oas  and  dual  f.i-tfsd  neat .-cc-  -a. 

4.  At  Eglin  AFB,  where  plans  are  underway  to  build  central  heatlrg  • ^ants 
burning  wood,  coal  and  refuse- derived  fuel  i.tr  -seed  lands  -can  probably 
supply  more  wood  rhan  the  if.  .al  oyster..  designs  specify,  'he  system 
shc-ild  be  designed  to  mu,. s u use  of  vcod  ’jel  c s is  uonsis tan* 
with  current  mission  req-u:--;  snts. 

5.  At  Arnold  Engineering  Ceveicp.c-.-nt  Center  w.;ere  plans  are  underway  to 
convert  the  centre.!  heating  pi-.rt  to  burr,  coal  nd  refuse-derived  fuel, 
plans  should  be  ?!  rerad  to  include  wood  burring  c?.". ability. 

6.  For  installat.  cn:.  having  r.  =-..•  = f.ng  ce :i.  ■.eating  plant  study 

should  be  per termed  deta'-.r.e  1. tuner  con  »r...;:r.  a roof -fie  *<5  central 

plant  system  a;  a system  us:..  - s pyrolysis  plir.t  air.  exist-iu;  i.e  • ling 
units  is  mere  cost  affective.  Abpc  .rpti.cn  air  ■ ; nditicr.’. eg  and  --egen  or- 
ation should  be-  examined  for  possi.-le  inclusion  in  rny  conversion  to  a 
central  plant  system. 

7.  A study  should  be  made  x.  for-r.v.late  the  forestry  management  plan:-,  necessary 
to  implement  a program  for  supplying  wood  fuel  for  testing  on  the  five 
USAF  installations. 

In  addition  to  the  above  rocorunenda  c Lens , a study  sr.ould  be  mad-  o 
determine  if  wood  fuel  is  available  *r.  .-.on— ISAE  .owned  -ir.ds  mar  USA- 
installations.  Uiiionai  Forest  J-a.;d3  u vg>.  ori/ct --  air.s  shoui  oe 
considered. 


THIS  PACE  IS  BEST  QUALITY  PRACTICABEi 
TOO*  OOPY  YURULSHED  TOLPQ  ' ' 
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APPENDIX  1 


U.  S.  Air  Force  Installations  with  Forestry  Management  Programs  (1) 


Approximate 

Forest 

Base  and  State  Acreage 


Arnold  Engrg  Development  Ctr,  TN  31,000 
Avon  Park  Air  Force  Range,  FL  60,000 
Barksdale  AFB,  LA  17,000 
Charleston  AFB,  SC  300 
Columbus  AFB,  MS  1,000 
Dobbins  AFB,  GA  900 
Eglin  AFB,  FL  400,000 
England  AFB,  LA  (Claiborne  Range)  780 
Griffiss  AFB,  NY  600 
K.  I.  Sawyer  AFB,  MI  2,000 
Langley  AFB,  VA  100 
Little  Rock  AFB,  AR  3,000 
Loring  AFB,  ME  6,000 
McChord  AFB,  WA  1,000 
MacDill  AFB,  FL  800 
McEntire  ANGB,  SC  1,200 
Moody  AFB,  GA  600 
Myrtle  Beach  AFB,  SC  1,800 
New  Hampshire  Satellite  Tracking  Sta. , NH  2,800 
Pease  AFB,  NH  2,400 
Plattsburgh  AFB,  NY  780 
Robins  AFB,  GA  2,300 
Rickenbacker  AFB,  OH  60 
Scott  AFB,  IL  600 
Shaw  AFB,  SC  1,700 
Tyndall  AFB,  FL  26,000 
U.S.  Air  Force  Academy,  CO  14,000 
Vandenberg  AFB,  CA  2,500 
Wright-Patterson  AFB,  OH  300 
Wurtsmith  AFB,  MI  200 
Youngstown  Municipal  Airport,  OH  260 
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FOSSIL  FUEL  CONSUMPTION  FOR  HEATING  (continued) 

FY  77 
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John  L.  Lowther 


ABSTRACT 

The  Air  Quality  Assessment  Model  (AQAM)  was  developed  for  the  Air 
Force  by  Argonne  National  Laboratory.  The  model  was  designed  to  serve 
as  a multi-source,  generalized  air  quality  model  that  can  be  used  to 
assess  the  impact  of  Air  Force  operations  on  the  environment. 

in  order  to  develop  an  improved  streamlined  version  of  AQAM.  a 
sensitivity  analysis  and  parametric  studies  were  performed  to  evaluate 
the  effects  of  input  parameters  and  changes  in  input  parameters  on  AQAM 
predictions.  As  a result  of  this  work,  an  improved,  streamlined  version 
of  AQAM  was  developed  that  allows  simplification  of  the  data  collection 
process  with  the  minimum  loss  in  output  quality. 
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INTRODUCTION 


The  Air  Quality  Assessment  Model  (AQAM)  was  developed  for  the  Air 

Force  by  Argonne  National  Laboratory ^ ^ . The  model  has  been  used 
(9)  (10) 

by  the  Air  Force  and  the  Navy  to  assess  the  impact  of  airbase 

operations  on  the  air  environment. 

In  order  to  make  the  model  simpler  and  cheaper  to  apply  on  a 
routine  basis  it  is  desirable  to  streamline  the  data  collection  process. 

This  caui  be  accomplished  by  performing  a sensitivity  analysis  of  the 
influence  of  changes  to  input  data  on  output  and  eliminating  these  data 
inputs  that  add  little  to  the  output  quality. 

The  objective  of  sensitivity  analysis  is  to  identify  the  model's 
critical  input  parameters  in  order  to: 

(1)  indicate  data  collection  priorities  and  accuracy  requirements; 

(2)  streamline  the  data  collection  process; 

and  (3)  aid  in  the  design  of  validation  studies  by  indicating  optimum 
receptor  locations  (i.e.,  sampling  stations)  in  order  to 
minimize  the  cost  in  equipment  and  manpower  to  operate  sampling 
stations,  and  insure  the  accuracy  and  usefulness  of  the  model. 

The  improved  model  may  be  used  to  assess  air  environmental  impact  of 
airbases  quickly  and  efficiently  without  using  expensive  sampling  stations. 

Netzer^'  has  completed  sensitivity  analysis  of  AQAM  predictions 
for  Naval  Air  Operations  to  meteorological  and  dispersion  model  parameters. 
Netzer  investigated  changes  in  wind  speed,  wind  direction,  temperature, 

Turner  stability  class,  lid  height,  average  emission  height,  initial 
horizontal  dispersion,  and  initial  vertical  dispersion.  These  meteorological 
and  dispersion  parameters  are  interrelated  in  the  Gaussian  dispersion 
formula.  Netzer  found  that  with  the  exception  of  the  Turner  stability 


class  and  wind  speed,  the  effects  of  variations  in  these  meteorological 
and  dispersion  parameters  were  negligible.  The  Navy’s  sensitivity  study 
was  conducted  for  operations  at  Miramar  NAS,  California,  to  precede  a 
validation  study  at  that  base. 


This  report  briefly  describes  AQAM  software,  the  sensitivity 
analysis  techniques  employed,  the  effects  of  sensitivity  tests,  and 
changes  incorporated  in  AQAM  software  in  order  to  produce  a streamlined 
version  of  AQAM  that  allows  simplification  of  the  data  collection 
process  with  a minimum  loss  in  output  quality. 


OBJECTIVES 


This  investigation  was  conducted  to  determine  the  sensitivity  of 
various  geographical,  meteorological,  and  dispersion  parameters  of  AQAM 
to  Air  Force  operations.  On  the  basis  of  sensitivity  analysis  and 
problems  inherent  in  the  data  collection  process,  a streamlined  version 
of  AQAM  was  to  be  designed  and  implemented. 

MODEL  DESCRIPTION 


AQAM  is  a large  scale,  multi-source,  generalized  air  quality  model 
consisting  of  three  submodels:  source  emission  inventory,  short-term 
dispersion,  and  long-term  dispersion. 

The  source  emission  inventory  submodel  has  input  parameters  for 
aircraft,  airbase,  and  environ  sources.  Some  of  the  required  data  are 
difficult  or  time  consuming  to  collect  and  have  a great  deal  of  inherent 
error.  The  number  of  parameters  contributes  to  a lengthy  and  expensive 
data  collection  period  (as  much  as  three  man-months  are  required) . The 
output  of  the  source  emission  inventory  submodel  is  a complete  audit  of 
emissions  (carbon  monoxide-CO,  hydrocarbons-HC , oxides  of  nitrogen-NO^ , 
particulate  matter-PT,  and  sulfur  dioxide-SC>2) , a complete  audit  of 
sources  and  meteorological  conditions,  and  a list  of  aircraft  and  engine 
characteristics. 

The  short-term  dispersion  and  long-term  dispersion  submodels  are 
Gaussian  plume  models  which  calculate  hourly  and  annually  averaged 
pollutant  concentrations,  respectively,  at  points  on  a receptor  grid. 

The  long-term  submodel  uses  an  existing  AF  meteorological  tape  of  the 
airbase  as  part  of  its  data  source. 


SENSITIVITY  ANALYSIS 


Sensitivity  analysis  is  used  to  identify  critical  model  input 
parameters  in  order  to  indicate  data  collection  priorities  and  accuracy 
requirements.  Usually  sensitivity  analysis  precedes  validation  or 
calibration  studies. 

Model  sensitivity  can  be  determined  by  observing  changes  in  calculated 
concentrations  caused  by  changes  in  input  parameters.  For  instance,  if 
a small  change  in  a specific  input  causes  a large  change  in  a pollutant's 
concentration,  then  the  model  is  sensitive  to  that  input,  and  this 
input  is  necessary  and  needs  to  be  accurately  collected.  Conversely,  if 
a large  change  in  a specific  input  causes  little  or  no  change  in  a 
pollutant's  concentration,  then  the  model  is  not  sensitive  to  that 
input,  and  little  or  no  effort  needs  to  be  expended  to  achieve  high 
accuracy  for  that  input. 

Note  that  sensitivity  is  not  likely  to  remain  constant  over  the 
whole  range  of  values  that  input  parameters  can  assume.  It  is  possible 
that  for  certain  combinations  of  input  parameters  values,  the  model's 
output  will  be  independent  of  the  changes  in  one  or  more  inputs. 

In  this  research,  a sensitivity  test  consisted  of  the  following 
steps : 

(1)  modification  of  prototype  base's  data, 

(2)  execution  of  source  inventory  submodel  using  prototype 
base's  data,  and 

(3)  execution  of  the  short-term  dispersion  model  using  the 
output  from  the  source  inventory  submodel. 

The  receptor  locations  were  placed,  for  the  short-term  dispersion 
submodel,  to  include  the  base  in  a 2 by  2 grid  and  supplemented  by  16 
other  special  receptors  downwind  from  the  base  (see  Table  3 and  Figure 
1) . To  measure  incremental  changes  induced  input  parameters  variations, 
the  receptor  with  maximum  concentration  was  selected  in  each  sensitivity 
test.  For  a given  sensitivity  test  the  receptor  with  the  maximum 
concentration  change  may  be  different  for  different  pollutants. 


JHIS  BASE  IS  BEST  QUALITY  FRACTICABJjl 
nni  rv»pv  TUMiTSHSD  TO  QDO  — - — ' 


THIS  EASE  IS  BEST  QUALITY  PRACTICABL1 
TBOi  OQPY  FUtsilSHED  TO  DDQ 


RESULTS  AND  DISCUSSION 


Multiple  source  models  such  as  AQAM  have  a variety  ol  input  parame- 
ters: meteorological,  dispersion,  geographical,  and  operational.  It  is 
tnus  variety  and  number  of  input  parameters  that  -ia‘ce  it  impossible  to 
perform,  sensitivity  studies  on  each  inoiviuua.L  input  parameter.  An 
alternative  is  to  perform  sensitivity  readies  ;.n  e’ther  groups  cf 
inputs,  i.e.,  a parameter  that  occurs  in  many  dara  sets.  (See  Menicucci 
for  a complete  description  of  all  aata  sets, . 


All  of  the  sensitivity  tests  were  performed  using  worst  case,  me 
hour  periods  in  order  for  the  output  to  be  compared  with  Federal  I r inary 


and  California  Air  Quality  Standards,  Cabie  i 


Additionally,  many  sensitivity  tests  were  designed  as  a result  of 
comments  from  those  who  have  collected  AC AM  data.  These  tests  were 
designed  to  verify  that  changes  in  AQ.AM  could  be  made  tc  simplify  data 
collection,  thereby  reducing  data  collection  cine. 

Finally,  some  sensitivity  cpsts  were  operational  or  parametric  ir. 
nature.  These  tests  indicate  possible  changes  in  case  opeiacioi-3  or 
procedures  that  may  effect  emissions  or  concentration  levels  cf  pollutants. 

RECEPTOR  LOCATICNS 

Receptor  locations.  Table  3,  were  chose;,  oo  erv.'c.mass  most  of  the 
base  in  a 2 by  2 grid  and  to  lie  downwind  from  the  base.  Environ  emission 
sources  were  absent  allowing  the  recectors  to  measure  'onventrations 
which  typify  the  base  as  a source  of  pollution.  Us  this  receptor 
arrangement,  effects  due  to  near  source  locations  .ere  i.inimized. 


Maximum  concentrations  of  all  poliv.curts  genera;.; 
receptor  12  (see  Tables  3 and  5) . 


. . ;rud  at 
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EFFECT  OF  METEOROLOOICAL  PARAMETERS 


Natzar^,  Ludv  g ar.d  Dabberdt  ^ ' 1 , and  Treat  <tnd  Lee  " ' ^ verify  for 


tr.u_-.ipx-.-.  2nd  single 


•.res  ar  pri.  jtv: 


•ar-  a n:c-j  .s  '.’'an  " .-= 


s-f feet  in  rr.(\ivid’  ?_  te-ec  rciogi:.  . i.  para:1.;  • a : 


Turner  ste  Cu  U.ty  classes  and  wind  ft  reed,  -.a  a in  small  or  negi.'  ix_le 
output  changes.  Censitiv;.ty  tee t Tables  - and  5,  confirmed  Netzer  s 
observation  that  ar.  ambient  temp-r  ..enure  change  of  iG°F  las  little  effect 
on  predicted  concentrations.  Setter  also  discusses  lid  height,  stability 
rl- as  . wind  speed,  ar.d  wind  direction. 


EFFECT  OF  DISPERSIu'V  MODEL  Pt.EAK  ~ Ext 

Str;: tivity  tests  4,  5,  6,  ”,  etc;  t .eve.1  . .nc  . v jori.rontu..  ar.d 
vertical  dispersion  parameters  of  grouts  of  au -ba.  a .Jwinu  sources  showed 
r.t  change  occurred  at  receptor  location  12.  Ever.  c::.ar.-  es  us  Larc:e  as 
2 JO  percent  haa  negligible  efxsct  on  all  recap ter 3 . 

Tests  13,  .14.  and  IS  involving  emission  height-,  .-ms  widths-  ar.u 
initial  vertical  dispersion  parameters  of  specific  groups  of  airbase 
lir-i  sources  pirodu'-ed  a 1 percent  or  less  -hange  at  te :c.imum  concentration 
C ■'  3 IT  aO  'dt-  V.  l2  . 

(5; 

xetzer  universally  incre.a-.t'  the  \r. itial  vertical  .soorsicn 
pai a n«- ter  of  all  point,  line,  ar.d  -r-a.  sources,  irrespective  of  iota 
sat,  by  150  percent.  This  increase  'had  negligible  effect  on  predicted 
concentration  axcapt  at  near  st-ure,  special  receptors.  Even  a*  the 
litter  locations  predicted  variat  rns  were  less  than  20  -.ercent." 

PARAMETRIC  OF.  . ' 1 ■ 4TICNAL  PAHA’l  J~"ER£ 

Tar meters  cc  s i irolavr.  arc  ...  t.-.nfs  .,  :--h  as  aunt,  dicuv.  .-•  • 
seal,  and  rivet  fact.v.-s,  vapor  s:a.  - ;e_jht,  tht'  uunci  t factor:-  f a . 
temperature  and  temperature  variar.i  t of  vapor  s^acs  isf  e sensiti  uty 
tests  9,  13,  and  11) , should  probab."  ill  be  de fruited  since  they  ause 
no  charge  in  the  concentration  at  any  uecector  location. 


War- 
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Setting  hydrocarbon  breathing  losses  due  to  petroleum  tank  true.': 
parking  tc  zero  caused  a 2 rercest  drep  in  hydrocarbon  concentration  at 
the  maximum  receptor  location,  Sence,  for  quicx  surveys  of  a base,  t.ns 
data  set  need  not  be  included.  • 

Changes  in  the  height  of  airbase  line  sources  from  0 to  5 meters 
caused  negligible  change  in  maximum  concentration.  CO  and  PI  increased 
and  decreased  by  3 percent,  respectively . 

CO  and  PT  increased  and  decreased  ov  3 percent  respectively,  when 
both  military  and  civilian  vehicles  follow  EPA  distributions. 

Worst  case  aircraft  engine  renting  caused  approximately  a 20C' 
percent  increase  in  hydrocarbons.  By  strictly  controlling  venting, 
which  is  a function  of  aircraft  type , hydrocarbon  concontrat ion3  rav  he 
reduced. 

Sensitivity  test  21  demonstrated  the  effect  of  replacing  an  industrial 
natural  gas  power  plant  having  lov  suLfur  and  asn  amissions  by  an 
industrial  large  scale  ccai  burning  plant  having  nigh  sulfur  ana  ash 

emissions.  CO,  HC,  and  NO  concentrations  at  maximum  receotor  location 

x 

remained  the  same.  However,  due  to  the  location  of  the  power  plant, 
maximum  PT  and  30^  receptor  moved  tc  location  3 7 with  a 35  percent 
increase  in  PT  and  a 5 percent  Increase  in  SC,. 

EFFECT  OF  GEoCRAl-i'-lL  PARAMETERS 

Geographical  parameters ; such  as,  taxiway  segments,  taxiway  paths, 
runway  geometry,  parking  squares  and.  areas;  cer-  be  s n.pliiied  in  order 
to  aid  data  collection.  However,  tn^s  simplification  may  in  some  cases 
cause  significant  changes  in  output  concentrations.  Fot  example,  sensitiv-ty 
tost  2 shows  the  effect  of  converting  a taxiway  p.vch  consisting  of  tar.y 
taxiway  segments  into  a taxiway  path  consisting  r una  taxi*ay  seqrent 
(from  parking  area  to  runway.)  Since  the  distances  over  vhi  h aircraft 
taxied  was  shortened,  there  was  sianiiicant  reductions  in  pc-llutant 
concentrations . 


MODIFICATIONS  OF  AOAM  SOFTWARE 


Various  types  of  modifications  have  been  incorporated  into  a 
streamlined  version  of  AQAM  software.  These  modifications  are  listed  as 
follows : 

(1)  Optimization  — Code  that  was  isolated  or  never  executed 

was  eliminated.  Some  control  structures 
were  simplified. 

(2)  Data  Collection  Simplification  — Six  out  of  37  data  sets 

were  eliminated  either  because  they  contributed 
little  to  output  quality  or  because  they  were 
seldom  used  in  data  collection.  These  were 
data  sets  13,  19,  33,  34,  35,  and  36.  The 
format  of  some  data  sets  was  simplified. 

(3)  Corrections  — Various  errors  were  found  and  corrected. 

(4)  Default  parameters  — Some  default  parameters  were  permanently 

set  based  on  results  of  sensitivity  tests. 

(5)  Dispersion  submodel  modifications  — Terrain  heights  of 

receptors  may  now  vary;  multiple  reflection 
for  coupling  coefficients  added;  sigmas 
calculated  differently. 

Altogether,  about  40  changes  and  rewrites  have  been  made  in  the 
AQAM  software.  (A  technical  note  is  available  which  summarizes  these 
modifications.) 
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CONCLUSIONS  AND  RECOMMENDATIONS 


As  a result  of  this  investigation,  a streamlined  version  of  AQAM 
software  has  been  designed  and  implemented.  Further  redesign  and 
streamlining  is  possible.  However,  before  more  work  is  done,  AQAM 
software  needs  more  source  code  documentation.  A complete,  modular 
rewrite  in  FORTRAN  77.  the  new  official  ANSI  standard,  would  improve 
readability,  modifiability,  and  perhaps  the  efficiency  of  AQAM. 

Argonne  is  currently  defining  the  accuracy  of  AQAM.  Accuracy  could 
further  be  defined  by  turning  AQAM  into  a single  source  model  and 
compare  the  resulting  output  with  an  EPA  or  some  other  single  source 
model  that  has  been  extensively  used. 

Software  could  be  designed  to  interactively  aid  in  the  preparation 
of  data  for  the  source  inventory  model.  Additional  interactive  software 
could  interrogate  the  data  base  built  up  by  the  source  inventory  model 
in  order  to  give  selective  displays  of  airbase  emissions,  aircraft 
emission  data,  and  characteristics  of  emission  sources. 

Based  on  data  collection  practices  and  further  sensitivity  tests, 
revisions  of  AQAM  software  are  possible  and  should  be  pursued  in  order 
to  have  cost  effective  air  pollution  control. 
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TABLE  1 

FEDERAL  PRIMARY  AND  CALIFORNIA  POLLUTANT  STANDARDS 

Pollutant  Standards 

yg/m3 


California 

Federal  Primary 

CO 

46,0001 

40,0001 

NO 

4701 

ioo4 

X 

HC 

None 

160  2 

PT 

ioo3 

2603 

S02 

1,31c)1 

3653 

(1)  1-hour  concentration  not  to  be  exceeded  more  than  once  per  year. 

(2)  3-hour  concentration  not  to  be  exceeded  more  than  once  per  year. 

(3)  24-hour  concentration  not  to  be  exceeded  more  than  once  per  year 

(4)  annual  arithmetic  mean. 
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TABLE  2 

SUMMARY  OF  SOURCES  AT  PROTOTYPE  BASE 


I. 


Air  Base  Sources 

a.  Point  Sources 

Test  Cells 
Run-Up  Stands 
Power  Plants 
Storage  Tanks 

b.  Area  Sources 

Filling 

Tank  Truck  Parking 
Vehicle  Parking 
Space  Heating 

II.  Aircraft  Sources 

a.  Aircraft  Types 


3 

6 

2 

11 


6 

1 

14 

5 


8 


C-97,  C-9A,  C-130,  F4-C/F,  0-1,  F-104A,  F-15,  F-5 

b.  Parking  Areas  5 

c.  Taxiway  Line  Segments  19 

d . Runways  4 


TABLE  3 

RECEPTOR  LOCATIONS 


Receptor  Number 


x 


Receptor  Location 
(kilometer) 

X 


: 


1 

369.0 

3708.0 

2 

369.0 

3712.0 

3 

373.0 

3708.0 

4 

373.0 

3712.0 

5 

371.0 

3712.5 

6 

373.0 

3713.0 

7 

373.0 

3714.0 

8 

373.0 

3716.0 

9 

373.5 

3709.0 

10 

373.5 

3710.0 

11 

373.5 

3711.0 

12 

373.5 

3712.5 

13 

373.5 

3713.5 

14 

376.0 

3714.0 

15 

376.0 

3721.0 

16 

380.0 

3712.0 

17 

380.0 

3716.0 

18 

389.0 

3714.0 

19 

389.0 

3721.0 

20 

399.0 

3727.0 

T 


2 

3 

4 


5 


6 


7 

8 


9 

10 

11 

12 

13 

14 


TABLE  4 

COMPUTER  TEST  FOR  SENSITIVITY  STUDY 

Description 

Control  run:  Modified  Luke  AFB  data.  Data  sets  13,  17, 

22,  25,  27,  33,  34,  35,  36,  and  37  empty. 

Geographical:  taxiway  paths  set  equal  to  taxiway  segments. 

Meteorological:  10°change  in  ambient  temperature. 

Dispersion:  25  percent  change  in  initial  horizontal 

disperion  parameter  (12.5  in)  for  test  cells 

Dispersion:  25  percent  change  in  initial  vertical  and 

horizontal  dispersion  parameters  (12.5)  for 
test  cells. 

Dispersion:  25  percent  change  in  initial  horizontal 

dispersion  parameter  (6.25  in) _ for  run-up 
stands. 

Dispersion:  200  percent  change  in  vertical  dispersion 

parameter  (10.0  in)  for  run-up  stands. 

Dispersion:  Initial  vertical  dispersion  parameter  set  to 

be  four  times  the  diameter  of  the  stack  of  a 
power  plant;  intital  horizontal  dispersion 
parameter,  two  times  the  diameter. 

Parametric:  Fuel  temperature  and  temperature  variation 

of  vapor  space  of  petroleum  storage  tanks 
defaulted. 

Parametric:  Defaulted  vapor  space  height,  throughput 

factors,  paint,  rivet,  and  seal  factors. 

Parametric:  Combined  tests  9 and  10. 

Parametric:  HC  breathing  losses  due  to  petroleum  tank 

truck  parking  set  to  zero. 

Dispersion:  Emission  height  (16m) , width  cf  line  (30m) , 
and  initial  vertical  dispersion  (12  in)  for 
aircraft  taxiway  path  segments. 

Dispersion:  Emission  height  (16m),  width  of  line  (30m), 
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TABLE  4 (Continued) 


Test  Number 


15 

Dispersion: 

Combined  tests  13  and  14. 

16 

Parametric: 

33  percent  increase  in  average  speed  of 
civilian  motor  vehicles. 

17 

Parametric: 

Average  height  of  emissions  (5m)  for  airbase 
line  sources. 

18 

Parametric: 

Average  height  of  emission  (0m)  for  airbase 
line  sources. 

19 

Parametric: 

Military  and  civilian  EPA  vehicle  distributions. 

20 

Parametric: 

Worst  case  venting  (5  gal/vent)  for  each 
aircraft. 

21 

Parametric: 

Industrial  natural  gas  powerplant  replace 
by  industrial  large  scale  coal  burning 
plant. 

22 

Parametric: 

All  defaultable  parameters,  defaulted. 

23 

Parametric: 

Deletion  of  data  set  24  - military  and 
civilian  vehicle  HC  breathing  loss. 
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TABLE  5 


MAXIMUM  RECEPTOR  CONCENTRATIONS  FROM  TOTAL  SOURCES 


Grid  Location 
Concentration,  ugm/m 


Test  Number 

CO 

HC 

NO 

X 

PT 

U) 

O 

to 

1 

12 

12 

12 

12 

12 

710.9 

684.2 

71.03 

17.49 

19.97 

2 

11 

12 

12 

12 

12 

702.1 

661.5 

65.41 

16.66 

17.92 

3 

12 

12 

12 

12 

12 

711.2 

685.6 

69.  88 

17.51 

20.04 

4 

12 

12 

12 

12 

12 

710.9 

684.2 

71.03 

17.49 

19.97 

5 

12 

12 

12 

12 

12 

710.9 

684.2 

71.03 

17.49 

19.97 

6 

12 

12 

12 

12 

12 

710.9 

684.2 

71.03 

17.49 

19.97 

7,8,9,10,11 

12 

12 

12 

12 

12 

710.9 

684.2 

71.03 

17.49 

19.97 

12 

12 

12 

12 

12 

12 

710.9 

684.2 

71.03 

17.49 

19.97 

13 

12 

12 

12 

12 

12 

699.8 

682.0 

70.52 

17.42 

19.78 

14 

12 

12 

12 

12 

12 

709.7 

684.0 

70.76 

17.47 

19.92 

15 

12 

12 

12 

12 

12 

698.7 

681.9 

70.25 

17.39 

19.74 

16 

12 

12 

12 

12 

12 

709.1 

684.0 

71.11 

17.49 

19.97 

17 

12 

12 

12 

12 

12 

710.5 

684.1 

70.97 

17.49 

19.97 

18 

12 

12 

12 

12 

12 

710.9 

684.2 

71.03 

17.49 

19.97 
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A model  for  predicting  the  economic  consequences  of 
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SECTiny  I 


THE  AGGREGATE  MODEL 


The  aggregate  node!  zomcor.ent  of  the  CHI  A measures 
changes  in  hey  attributes  at  thu  P2-Z  level  with  nc  initial 
concern  for  the  implications  of  these  changes  at  the  ccr.munii 
(or  micro)  level.  The  key  attributes,  m the  order  in  which 
they  are  presented  are:  gross  regional  product,  employment, 
unemployment,  population,  personal  income  and  per  capita 
income . 


PRODUCT  MARKET  IMPACTS 


(1)  AGRPfc  = ncY.  + niY„  . * n(l-vt  '"t; 


' r>3 


kg 


nv-Y,  + A Y. 

•*g  -G 


where : 


1RP . = 


AY. 

19 


AY 


pg 


AY, 


;<g 


and 


change  in  cross  regional  product  (expenditures) 

direct  change  in  local  consumption  expenditures 
due  to  the  •’llitary  action. 

direct  change  in  local  military  procurement 
expenditures  due  to  the  military  action. 

direct  change  in  military  construct! zr  ex- 
penditures due  co  action 


( 1- v) yet  AY 


kg 


vAY 


kg 


wnere : 


n 

1-v 


direct  orange  in  local  scendiig  due  to 
base  construction  activity. 


— ^ i v < 


ssanamc  r) 


increases  purchases  of  materials  during 
base  const r action  period. 


regional  multiplier 

fraction  of  ccnstri 
other  than  for  pur- 
local  economy. 


expen ci cures 
of  materials  from 
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V 


= fraction  of  construction  expenditures  for 
materials  purchased  locally. 

Y = fraction  of  construction  expenditures  that 
accrues  to  labor. 

0 = income  tax  rate. 

T = local  saving  rate,  i.e.,  fraction  of 
income  after  taxes  that  is  saved. 


Solve  for  Ay. 


where: 


ay. 

= A Y + 

ig 

c 

AY 

= W W TO 

c 

c c 

AY  . 
mt 

= Wmtwmt 

AY 

= VJ  w 

mp 

mp  mp 

L , ' U -i- 

mt  mp 


and 


Wc  = total  wages  of  civilian  personnel  affected  by 
action. 


wc  = fraction  of  civilian  wages  spent  in  ROI 

Wmt  = total  wages  of  military  trainees  affected  by 

action. 

wmt  = fraction  of  military  trainees  wages  spend  in  ROI 

Wmp  = total  wages  of  military  permanent  affected  by 
action. 


w = fraction  of  military  permanent  wages  spent  in  ROI , 


w 

= Ra  w 

c 

c c 

w , 

= Ra  w 

mt 

mt  mt 

W 

= Ra  w 

mp 

mp  mp 

total  number  of  new  positions  being  transferred 
to  ROI. 


a^  = fraction  of  new  positions  to  be  filled  by  civilians. 

W = average  wage  of  civilians  affected  by  action. 

C 

a^t  = fraction  of  new  positions  filled  by  military  trainees, 


w £ = average  wage  of  military  trainees. 


a = fraction  of  new  positions  to  be  filled  by  military 
permanent. 


wmp  = average  wage  of  military  permanent, 


solve  for  Ay 


Y . - Y ) 
Pi  Q 


where : 


= total  amount  of  procurement  expenditures  in  ROI. 

= total  amount  of  procurement  expenditures  in  ROI 
for  commissary  and  BX  goods  purchased  by  retirees. 

= total  number  of  persons  employed  by  and  assigned  to 
to  the  base. 

= change  in  procurement  expenditures  in  ROI  as 
a result  of  the  action. 

= number  of  new  positions  being  transferred  to  ROI. 


then: 


AY. 

ig 


(see  equation  (1)) 


= (I-v)yotAY. 


AGRP  = mX.  + nX_  + mX->  + nX.  + Xc 

t 1 2 3 4 5 


(1  ) GRPi  = [GRPt  - (Xj  + X2  + X3  + X4  + X5)] 


where : 


GRP^  = induced  (or  indirect)  change  in  gross  regional  product 
(total  expenditures)  due  to  the  action. 


LABOR  MARKET  IMPACTS 


where: 


m(X.)  n ( X, ) n(X,  ) m(X.)  X. 

AE,  = — + — + — + — + -2- 

^rs  ^ws  ^rs  ^v  ^ks 


total  expansion  of  employment  opportunities 
in  ROI  due  to  the  military  action. 

sales  per  employee  in  retail  and  personal  services 
sector  of  ROI  (productivity  in  retail  of  personal 
services ) . 


= labor  productivity  in  wholesale  and  service  sector 
in  ROI. 

= labor  productivity  in  construction  sector  of  ROI. 

= labor  productivity  in  sectors  that  supply  construction 
sector. 


X. /p  (number  of  jobs  in  retail  and  service  sectors 

1 1 O 

directly  related  to  the  military  action  through 
payrolls) . 


X-/p  (number  of  jobs  in  wholesale  and  service 
sectors  directly  related  to  the  military  action 
through  payrolls) . 

X,/p„  (number  of  jobs  in  retail  and  service  sectors 
directly  related  to  the  military  action  through 
construction  expenditures). 


* ^ 


= X^/p  (number  of  jobs  in  materials  sector  directly 
related  to  construction  expenditures). 

= X5/pks  (number  of  construction  jobs  in  ROI 

directly  related  to  construction  expenditures) . 


then 

• i » • 

Ae  = mXx  + mX2  + mX3  + mX4 

and 

(2')  AEt  = [AEfc  - (Xt  ♦ X^  + X^  + Xj  + X£)] 


where 


Ae . = induced/  or  secondary,  employment  change  in  ROI 

due  to  the  military  action. 


(2"  ) 


where 


= rate  of  change  of  total  employment  in 

nonmilitary  sector  of  economy  in  ROI  as  a result 
of  the  military  action. 


Solve  for: 


where : 


Y 


rst 


total  regional  output  (a  sales)  for  retail 
sector  in  period  t (constant  dollars). 


Y 


sst 


total  regional  output  (a  sales)  for  services 
sector  in  period  t (constant  dollars) 


E 


rst 


total  regional  employment  in  retail  sector  in 
period  t. 


E 


sst 


total  regional  employment  in  services  sector  in 
period  t. 


t 


P 


ws 


where: 


= most  recent  year  for  which  USAF  wage  and  procurement 
information  is  available. 

Y + Y 
wst  sst 

E . + E ^ 

wst  sst 


wst 


total  regional  output  (or  sales)  for  wholesale 
sector  in  period  t (constant  dollars). 


Ewst  = total  regional  employment  in  wholesale  sector 
in  period  t (constant  dollars). 


P 


ks 


Y 

E 


kst 

kst 


where 


Y 


kst 


total  state  output  for  construction  sector  in 
period  t (constant  dollars). 


E 


kst 


total  state  employment  in  construction  sector 
in  period  t. 
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UNEMPLOYMENT: 


?•> 


Avc~  = ALr- 


— \r 

D 


whar £ : 


AV  = direct  and  induced  change  in  nunioar  cf  uner- 
ployed  persons  in  civilian  labor  force  nar;:  it 
as  a result  of  diroot  etna  induced  changes  in  labor 
supply  and  denanu  because  of  the  military  a onion. 


ALg1  = lirset  induced  : .ances  ..  r 1; 

b 

. resell  ns  the  : trr  - act-- or 


r fcrct:  * . :e  as 


Al^1  » direct  and  induced  charges  in  ianor  force  Jon and 
as  a result  of  the  military  action. 


Solve  for 


AL^ 


direct  change  in  lot 
the  .-nHitary  acticu. 


force  size  as  a rs^uit  of 


Solve  for  AL! 


wn  are : 


i.'iuced  change  ir.  1 •..our  force  s:  z~  due  to  nc 
migration  change  r-. suiting  from  ihe  nilicary 
action. 


L“  *3’  . + E • 
S VQ  S j 


Ew(j  = number  of  dependents  of  uS.-.F  personnel  who 
will  see.<  civilian  employment.* 
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E = number  cf  fJ£A?  personnel  who  will  seek  a second 
job . * 


* Method  of  calculation  involves  a weighted  average  of 

military  permanent,  military  trainees,  civilian  transfers 
and  civilians  hired  from  cur  j L ie  RCI,  weighted  by  the 
number  of  dependents  in  each  ci  these  groups  who  will 
seek  a job,  as  well  a?  toe  frer-tior.  of  all  military 
personnel  who  will  seek  s-zer- jobs. 


Solve  for  AL t 


’m 


x 


where : 


AEfc  = total  employment  expanr  : r "01  (see  equation  (1)) 
as  a result  cf  the  mix.  • action. 


c = fraction  of  new  jobu  (.  -b  ion  will  be  filled  bv 

m 

civilians  who  migrate  z . SCI. 

where: 

. m^k 

"m  ?t-.< 

and 

Am  ' - amount  of  net  migration  during  (r-xj-t  period 

for  HOI  (e.g. , 1 -<*50-1570  where  t -•  1S7C  ani  k « 10). 

t-jc 

p ' = amount  of  population  change  in  ?.  i 1 during  (t-k)-t 
period  (e.g.,  196'J-i97C  '.’here  t - 1370  and  '<  * 


1C)  . 


Solve  for 


AL 


di 

D 


- 4ld  * 1ld 


where: 

ALp  = direct  change  in  demand  for  labor  in  ROI  as  a result 
of  military  action. 

Al^  = total  induced  change  in  labor  demand  in  ROI  as  a 
result  of  the  military  action. 


and 


a 


hi 


R 


where: 


= fraction  of  new  positions  to  be  filled  by  civilians 
hired  from  within  ROI. 

R = total  number  of  new  positions  being  transferred  to 
ROI. 


and 


AE 


t 


where: 

AEfc  = total  employment  expansion  in  ROI  as  a result  of 
the  military  action. 
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- =2 


A- 


¥ 


where:  V = percentage  change  in  number  of  unemployed 

persons  in  ROI  as  a result  of  the  military 
action  over  period  t^  to  t.,. 

AVa  = absolute  change  in  unemployed  persons  (see 
equation  (3)  from  t^  to  t2. 

V = number  of  unemployed  persons  in  period  t_. 
tl 


I I 

(3a  ) 


V + AV 

tl 


L.  ♦ +ALS 
1 


where  s 


L = size  of  labor  force  in  period  t-,  in  ROI. 


V^Z  = unemployment  rate  in  ROI  in  period  t2  (after 
military  action  is  complete). 


I I I 

(3a  ) 


AVdi  = V 2 - V 1 
r r r 


where:  Avdd  = direct  and  indirect  change  in  ROI  unemployment 


rate. 


^tj  = unemployment  rate  in  ROI  at  period  t^. 


I « 

(3b  ) 


^2  ^2 
vrb  ’ Vr  ' 6 


where: 


= black  unemployment  rate  in  period  t2. 

= ratio  of  black  to  total  unemployment  rate  in 
period  t^ . 


L 


where: 

= direct  and  induced  change  in  black  unemployment 
rate  as  a result  of  the  military  action. 


POPULATION  IMPACTS 
(4)  Ap  APd  + APi 

where: 

Ap  = total  change  in  population  in  ROI. 


Ap^  = direct  population  change  in  ROI  related  to 
military  action. 

Ap^  = induced  population  change  in  ROI  as  a result 

of  military  action  induced  secondary  employment 
expansion. 

Solve  for  Ap^ 

where: 

R = change  in  military  employment  opportunity  due 
to  the  military  action. 

fhb  = avera9e  size  of  families  of  military  personnel. 

and 
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where : 


a a,  , a and  a represent  fraction  of  new 
t hi  mp  mp 

positions  (R)  that  will  be  filled  by  civilian  transferees, 
civilians  hired  from  outside  ROI,  military  trainees  and 
military  permanent,  whereas  the  f ^ represent  the  fraction 
of  the  new  positions  to  be  filled  by  these  respective 
subgroups. 


Solve  for 


where : 


t-  * -hr  * 1Et 

l-Vi1 


= labor  force  participation  rate  in  ROI, 


= total  unemployment  rate  in  period  t^ 


E . . /P  , i.e.,  total  civilian  employment/ 

Ut  2 

total  population  ratio  in  period  t. . 


where : 


X = median  family  size  of  net  migrant  stock  entering 


k, 
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‘^'3t  - induced  expansion  in  size  of  labor  force 

in  POI  due  to  net  migration  (see  equation  '3)' 

* 

' '-■'•’E : &P  ■ Sa'. u.  j be  cl  ise  no  it-.  and  1?  resented  ~ 

check  or.  v»e  ir-o  2 -ng.3.  accuracy  of  rhe  cro;©-.  ic-i  err 
mer.t,  unenployin-Mc  ana  population  xsvai  impacts. 


where: 


P = population  growth  rate  due  to  the  r.ilitarv 


REGIONAL  IMCOME  IMF  Add 


■ «*„*!  * %, 


where : 


* regional  multiplier. 


nw„,  x,  + mv;  X,  + Y> 
rs  _ v 4 


= avera-e  wage  i:  recoil  and  service  sectors  in  p 


= average  iv-.ge 
period  t. 


•ho'.osale  0.0 5 service  sectors  i 


wv  = -oarage  wage  ir.  -.at ion  for  all  industries. 

Y * fraction  of  output  frerr.  new  construction  that  <7 
to  weess  and  income. 


-V  = total  change  in  personal  income  301  due  t.c 
military  acticr  cons dollar--). 


*NOTE: 


Y.  and  Y.  exclude  total  wanes  oaic  tc 

Z.  x 

personnel  as  a result  of  chc  action. 


I I 

(5  ) 


where: 


Y - rate  of  charge  in  t.ctal  personal  i1  -a  within 
R.OI  as  a result  of  the  i»ili*aiv  u-: •: I-:- a . 

Calculations 

wrs  wr=  and  wv  ars  rea-i  tet.'sr  . .o  , '-.crreeted  for 
price  changes  ••w,er  period  differ? tea  inherent,  in 
using  data  sources  available  in  different  time 
periods . 


PER  CAPITA  INCOME  IMPACTS 


(6) 


yt 


Yttl  + AYttl 

2 t ^ t2 

Pt  ♦ APt 


where : 


= total  regional  personal  income 


AYtt2 


= change  in  total  regional  personal  income 
over  period  tj  to  t2. 


Pt'1 


total  regional  population  in  period  t^ 


4ptt2 


= change  in  regional  population  over  periods 
fci  to  t2- 


yt2  = per  capita  regional  income  in  period  t2 


(6  ) 


Ay  = yfc 2 - yfcl 


where: 


y 1 = regional  per  capita  personal  income  in  period  t. 


I I 

(6  ) 


y = 


y i 


where; 


y = rate  of  change  in  regional /personal  income  as  a 
result  of  the  military  action. 
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SECTION  II 


COMMUNITY  IMPACT  ASSESSMENT 


Normally,  the  ROI  will  consist  of  a number  of  political 
subdivisions  (counties,  cities,  villages  and  townships)  as 
well  as  special  districts  (e.g.,  schools).  The  purpose  of 
the  subcomponent  of  SIAM  is  to  relate  impacts  at  the  ROI 
level  to  the  attributes  of  the  various  communities  within 
the  ROI.  Population,  school  enrollments,  total  personal 
income  and  per  capita  changes  are  the  "key  indicators"  of 
community  (or  micro)  impacts  in  the  model.  The  availability 
of  land  and  local  government  growth  policies  are  constraining 
forces  in  the  analysis. 


POPULATION 


No  Constraints  to  Growth: 


AP  . = AP. . + AP  . . 
t]  ID  dD 


where : 


Aptj 


total  change  in  population  of  the  j community 
as  a result  of  the  military  action. 


AP^  = induced  population  change  in  the  j community 
as  a result  of  the  military  action. 


AP^  = direct  population  change  in  the  j community 
as  a result  of  the  military  action. 


Solve  for  AP. 

ID 


AP.  . = c .AP. 
ID  D i 

where: 


c . = p . /P 

D D'  t 


Cj  = proportion  of  ROI  population  residing  in  jtn 
community  in  period  t^ . 

Pj  = population  level  of  community  j in  period  t^ 

Pfc  = population  level  of  ROI  in  period 


Identities ; 


= 1,  over  n communities  in  ROI. 


EP^j,  over  n communities  in  ROI. 


where: 


induced  population  change  in  ROI  as  a result 
of  the  action. 


Solve  for 


AP.  . 
dD 

4paj  - 2j  iPd 


where : 


proportion  of  j community  population  directly 
associated  with  the  military  establishment 
residing  in  community  j . 


direct  change  in  population  in  ROI  as  a result  of 
the  military  action. 


Pmj/pt 


where: 


Pmj  = number  of  persons  in  community  j who  are  directly 

related  to  employees  of  military  establishment  in  ROI, 

pt  = total  military  related  population  in  ROI  at  period  t^ , 
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and 


P . 
m] 


where: 


R: 


and 


•»  < 

= number  of  military  personnel  residing 
. th 

m j community. 

= average  family  size  of  military  families 
. . . , th 

residing  in  j community. 


P 


t 


where: 


= R x f 


hb 


R = number  of  positions  at  military  establishment 
in  ROI . 

fhb  = average  family  size  of  military  families. 


Constraints  to  growth: 

* th 

(7')  Let  P.  = maximum  obtainable  population  level  for  j 

z2 

community  because  of  physical  (e.g.,  level 
area)  or  political  (e.g.,  local  growth 
policies)  constraints  to  growth. 

* 

If  Pfcj  + APtj  < Ptj'  fc^en  community  j can  absorb  the 
projected  population  change  associated  with 
the  action. 


If  Pfcj  + ^ptj  > ptj'  s°lve  ^or 


« 
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Next,  allocate' AP  . among  the  other  n-k  communities  in  a 
manner  similar  to^the  procedures  presented  in  equation  (7)*. 

NOTE:  * Changes  in  population  at  the  community  l^vel  cannot 

be  mechanically  projected  as  equations  (7)  and  (7  ) may 
imply.  The  analyst  should  consult  with  local  builders  and 
planners  to  get  a better  understanding  of  development  patterns 
within  the  ROI.  When  local,  perceived  development  patterns 
significantly  diverge  from  the  projected  patterns,  ad  hoc 
adjustments  to  the  projected  patterns  may  be  in  order. 


SCHOOL  ENROLLMENTS 


The  following  analysis  assumes  that  school  district  and 
community  boundaries  are  coterminous.  In  cases  where  school 
districts  encompass  more  than  one  community,  the  appropriate 
adjustments  must  be  made. 

(8)  AS  = nAP.  . + rAp.  . 

dD  ID 

where: 


AS  = total  change  in  school  enrollments  in  community  j. 

n = proportion  of  population  in  community  j directly 
related  to  the  military  action  of  school  age. 

r = proportion  of  induced  population  change  in 
community  j of  school  age. 

( 8 ' ) Ase  = bAs 

where: 

ASe  = change  in  elementary  school  enrollment. 

b = fraction  of  school  age  children  entering  jtb 

community  who  will  enroll  in  elementary  school. 

( 8 ' ' ) ASh  = AS  - AS0 

where: 

AS^  = change  in  high  school  and  junior  high  school 
enrollments. 


5-23 


where: 


absolute  change  in  per  capita  income  in 
community  j as  a result  of  the  action. 

rate  of  changes  in  per  capita  income  in 
community  j resulting  from  the  action. 

SECTION  III 

SUMMARY  AND  CONCLUSIONS 


A model  for  predicting  the  impact  of  changes  in  the 
level  of  military  activities  (base  closures  and  realignments) 
was  presented.  The  model  provided  equations  for  predicting 
changes  in  output,  employment,  income,  population  and  per 
capita  income  at  the  ROI  level.  It  also  contained  algorithms 
which  disaggregate  changes  in  population  and  income  at  the 
ROI  level  to  the  various  communities  within  the  ROI.  These 
allocations  are  influenced  by  local  constraints  to  growth, 
such  as  the  availability  of  land  and  community  attitudes 
toward  growth.  Changes  in  school  enrollments  and  per  capita 
income  are  also  predicted  at  the  local  level. 

The  model  outlined  in  the  preceding  pages  has  a number 
of  deficiencies,  notably  the  absence  of  algorithms  for 
measuring  derived  impacts  on  key  institutions  within  the 
ROI,  such  as  local  governments  and  financial  institutions. 
Also,  questions  concerning  the  choice  of  procedures  to 
estimate  the  multiplier  and  threshold  values  were  not  ad- 
dressed, and  the  procedures  for  estimating  the  parameters  in 
the  model  are  too  simplistic.  Parameterizing  a model  is  a 
complex  process  which  must  be  done  on  a case  by  case  basis. 
Finally,  the  equations  set  forth  in  the  paper  are  only 
guidelines  for  measuring  community  impacts;  they  are  not 
ironclad  rules  which  must  be  applied  irrespective  of  the 
circumstances . 
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ABSTRACT 


The  Environmental  Technical  Information  System  (ETIS)  was  developed  to 
assist  the  Department  of  the  Army  (DA)  in  complying  with  NEPA  and  AR  200-1. 

The  entire  system  has  been  in  development  for  approximately  five  years  with 
three  subsystems  currently  ready  for  field  implementation.  The  Air  Force  has 
been  investigating  and  supporting  the  modification  of  ETIS  to  suit  Air  Force 
specific  requirements  through  the  expenditure  of  R&D  funds.  Pilot  testing  has 
been  concluded  with  the  recommendation  that  ETIS  be  implemented  as  an  Air 
Force-wide  tool  for  environmental  analysis.  Its  use  is  required  by  AFR  19-2. 

ETIS  has  been  undergoing  pilot  usage  for  approximately  two  years  on  the  R&D 
machine  upon  which  they  were  developed.  This  machine  supports  the  UNIX  operating 
system  and  C language.  The  current  version  of  ETIS  represented  is  an  optimal 
application  of  recent  minicomputer  technology  to  the  solution  of  complex  data 
analysis  and  management  problems. 
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INTRODUCTION: 


Section  102(2) (C)  of  the  National  Environmental  Policy  Act  (NEPA)  forms 
the  legislative  basis  for  preparing  environmental  impact  assessments  (EIA)  and 
statements  (EIS)  for  federal  actions  expected  to  have  significant  impact  on 
the  quality  of  the  environment  and  for  those  actions  whose  impacts  are  likely 
to  be  controversial. 

The  assessment  and  statement  differ  in  purpose  and  use.  The  EIA  is  to 
provide  a basis  for  intra-agency  review  of  an  actions  impacts  and  in  turn 
provide  necessary  information  as  to  whether  an  EIS  should  be  prepared. 

The  CEQ  has  periodically  issued  guidelines  to^a^sist  federal  agencies  in 
the  preparation  of  environmental  impact  statements1,  ’ . In  addition,  executive 
orders.  Department  of  Defense  directives,  and  Air.  F^rce^.  regulations  have 
further  delineated  guidelines  for  EIS  preparation"5’  ’ ’ ’ . These  documents 
stress  policies  and  procedures  but  give  little  assistance  how  to  carry  out 
that  analysis. 

Since  1969,  many  methodologies  have  been  developed  to  assist  the  preparer 
of  environmental  impact  assessments/statements  fully  respond  to  Council  on 
Environmental  Quality  (CEQ)  guidelines  for  EIA/EIS  content.  A review  and 
analysis  of  these  methodolggies  has  been  prepared  by  the  Construction  Engineering 
Research  Laboratory  (CERL)  . A listing  and  summary  of  evaluations  can  be 
found  in  appendix  A. 

Since  1971  the  United  States  Army  Construction  Engineering  Research 
Laboratory  has  spent  approximately  3.5  million  dollars  on  the  development  of 
ETIS.  In  addition  the  Air  Force  has  invested  $225  thousand  to  tailor  ETIS  for 
its  use.  Air  Force  use  to  date  has  been  almost  exclusively  in  the  Environmental 
Impact  Analysis  Process.  Currently  ETIS  consists  of  three  major  interactive 
computer  programs:  CELDS,  Computer-aided  Environmental  Legislative  Data 
System;  EICS,  Environmental  Impact  Computer  System;  and  EIFS,  Economic  Impact 
Forecast  System.  The  component  subsystems  of  ETIS  are  briefly  described  in 
appendix  B. 

In  the  professional  opinion  of  the  author,  the  Environmental  Technical 
Information  System  (ETIS)  is  the  best  system  developed  to  date  to  provide  Air 
Force  users  with  the  capability  of  meeting  the  objectives  of  the  Environmental 
Impact  Analysis  Process  (EIAP).  This  process  is  clearly  defined  in  the 
Handbook  for  Environmental  Impact  Analysis:  Interim  Environmental  Planning 
Bulletin  11.  Department  of  the  Air  Force,  Washington,  D.C.  (June  1976). 

Of  primary  concern  to  the  Air  Force  is  to  keep  ETIS  "on-line."  Currently, 
ETIS  is  maintained  for  CERL  by  the  Center  for  Advanced  Computer  Studies  at  the 
University  of  Illinois-Urbana  on  a Digital  Equipment  Corporation  PDP  11/50  and 
run  under  the  UNIX  system.  The  Center  for  Advanced  Computer  Studies  is 
scheduled  to  be  dissolved  during  early  CY79.  Not  only  will  the  hardware  be 
unavailable  after  that  time,  the  major  portion  of  programming  support  given 
CERL  by  University  of  Illinois  graduate  students  will  be  no  longer  available. 

Further  complicating  the  situation  are  directives  to  CERL  from  the 
office  of  the  Chief  of  Engineers,  US  Army  stating  that  CERL  will  concentrate 
its  efforts  in  the  area  of  research  and  not  in  development  and  operations. 
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In  view  of  these  circumstances,  the  Air  Force  must  take  action  to  assure 
itself  that  ETIS  remains  operable.  The  initial  step  is  to  prepare  a Data 
Automation  Requirement  (DAR)  in  accordance  with  AFR  300-12.  DARs  for  AFCEC 
are  submitted  through  AFESC  to  HQ  USAF/ACD. 

OBJECTIVES: 

The  major  thrust  of  this  research  has  been  to  provide  the  Air  Force  with 
the  documented  justification  required  to  obtain  the  necessary  hardware  to 
support  ETIS.  The  justification  has  been  developed  and  incorporated  in  a 
DAR.  The  following  is  a detailed  summary  from  the  DAR. 

The  previous  methodology  for  the  preparation  of  environmental  analyses 
was  ad  hoc  in  nature,  depending  upon  a combination  of  contractor  support, 
conjecture,  and  "best  guess"  analysis.  No  methodology  existed  which  insured 
consistent,  uniform,  and  reliable  analyses.  The  Environmental  Technical 
Information  System  (ETIS)  was  developed  to  insure  such  a process  utilizing 
recent  computer  methodologies  to  supply  data,  models,  and  analyses  to  DOD 
environmental  planners.  Without  ETIS,  environmental  analyses  would  suffer 
from  several  deficiencies: 


analysts. 


a.  No  "institutional  learning"  aspect  would  be  available  to  new 


mechanism. 


b.  All  studies  would  be  ad  hoc  with  no  uniform  approach  or  scoping 


c.  Costs  of  analyses  would  be  considerably  higher,  as  data  acquisition 
would  also  be  ad  hoc. 

The  ETIS  concept  revolves  around  the  storage  and  retrieval  of  environmental 
planning  data  from  a centralized  computer  system  interactively  servicing  USAF 
users  via  acoustically-coupled  portable  terminals  using  a combination  of  types 
of  phone  lines  (toll  free,  foreign  exchange,  commercial,  and  FTS).  The  subject 
information  includes  biophysical  and  socioeconomic  baseline  data,  abstracts  of 
laws  and  regulations,  model  analyses  and  other  environmentally  related  data. 

The  objective  of  ETIS  is  to  provide  appropriate  data  and  analyses  to  the 
environmental  planner  through  immediate  interactive  requests  by  the  user.  The 
basic  assumption  having  bearing  upon  these  analyses  is  that  the  need  for 
adequate  analyses  will  increase  as  CEQ  and  subsequent  Air  Force  regulations 
become  more  stringent.  The  resources  available  for  these  required  analyses, 
particularly  permanent  manpower  allocations,  will  remain  critically  short, 
allowing  little  time  for  analyses,  even  with  systematic  aids.  In  addition,  it 
should  be  remembered,  that  for  ETIS  to  be  effective  it  must  possess  the  attributes 
of  simplicity  of  use,  quick  response,  thoroughness,  easy  access,  and  be  inexpensive. 

ALTERNATIVES: 


The  alternatives  considered  for  ETIS  implementation  are  as  follows: 
(1)  Commercial  large  mainframe 


(2)  Commercial  minicomputer 
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(3) 

Commercial 

minicomputer  in  C 

(4) 

Government 

large  mainframe 

(5) 

Government 

minicomputer 

(6) 

Government 

minicomputer  in  C 

(7) 

Augmented  Air  Force  hardware 

Due  to  the  peculiar  mixture  of  computational  requirements  with  large  data 
base  manipulations,  the  use  of  a non-standard  high  level  language  designed 
specifically  for  problems  such  as  the  ETIS  system  is  considered. 

The  current  R&D  version  of  ETIS  is  programmed  in  C language  using  the 
UNIX  operating  system.  Appendix  C lists  many  characteristics  and  advantages 
of  UNIX.  The  system  has  proven  to  be  an  extremely  cost  effective  and  responsive 
system  for  the  developmental  system  and  pilot  testing.  It  will  be  used  for 
the  evaluation  of  alternatives  3 and  6. 

An  additional  alternative  involves  the  implementation  of  ETIS  on  Air 
Force  hardware  using  UNIX.  Augmentation  of  an  existing  system  (communications, 
a larger  processor,  and  additional  dish)  is  analyzed  as  alternative  7. 

COSTS: 

Costs  for  the  various  alternatives  have  been  aggregated  into  four  major 
categories:  (1)  conversion,  (2)  contract  and  administration,  (3)  communications, 

and  (4)  operation  and  maintenance. 

The  major  factor  affecting  conversion  costs  is  the  language.  Estimates 
provided  by  the  Center  for  Advanced  Computation,  University  of  Illinois-Urbana 
indicate  that  the  conversion  from  C to  FORTRAN  would  cost  $120,000  and  to 
COBOL  nearly  twice  that  amount.  Conversion  to  FORTRAN  costs  are  used  in  the 
analysis.  Contract  and  administration  costs  not  only  include  the  writing  and 
award  of  contracts  but  reporting,  materials  and  supplies. 

Communications  are  anticipated  to  be  a mixture  of  user  supported  communication 
and  special  FEX  and  WATS  requirements.  Hardware  at  the  site  should  be  approximately 
$10,000  per  year  to  cover  maintenance  and  upkeep  of  modems,  etc.  Additionally, 

3 FEX  lines  at  $500  per  month  each  and  2 incoming  band-5  WATS  lines  at  $850 
per  month  each  would  be  required.  This  represents  a communication  cost  of 
$38,400  per  year.  This  will  be  considered  essentially  the  same  for  all  alternatives. 
It  should  be  noted  that  whereas  CERL  experience  with  FTS  has  been  satisfactory, 
experience  with  AUTOVON  has  been  unsatisfactory. 

Operation  and  Maintenance  costs  calculations  (Table  1)  differ  between 
commerical  alternatives  (alternatives  1,  2,  and  3)  and  government  alternatives 
(alternatives  4,  5,  6 and  7).  In  the  commercial  alternatives,  operation  and 
maintenance  costs  are  primarily  a function  of  connect  time  (usage)  and  storage 
(data  base  size).  The  estimates  provided  by  CERL  reflect  current  usage, 
anticipated  ETIS  development  and,  projected  use.  Similarly  calculations  for 
alternative  4,  government  large  mainframe  are  based  on  charges  by  NSDRC  as  a 
function  of  storage  and  connect  time. 


Government  minicomputer  maintenance  costs  for  alternatives  5,  6 and  7 are 
based  on  CERL  estimates  of  $13, 500/year.  Operational  costs  for  alternatives  5 
and  6 were  calculated  using  Table  2 and  amortizing  the  initial  investment  of 
$211,452  in  five  years.  For  alternative  7 an  initial  cost  of  $100,000  was 
estimated  to  upgrade  an  existing  11/35  to  an  11/70. 

Table  3 summarizes  the  estimated  costs  for  the  seven  alternatives.  It  is 
clear  from  the  analysis  that  the  least  cost  alternative  is  alternative  7, 
augmentation  of  existing  Air  Force  hardware.  In  the  event  that  suitable 
hardware  is  not  available  for  augmentation,  then  the  next  best  alternative  is 
alternative  6,  government  purchase  of  the  POP  11/70  configuration  listed  in 
Table  2. 


i 
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Table  l 

OPERATION  AND  MAINTENANCE  COSTS 
FOR  SELECTED  ALTERNATIVES 
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Table  2 

11/70  CONFIGURATION 


$60,000 
6,300 
11,000 
70,000 
9,900 
15,300 
12,075 
8,400 
6,000 
1,920 
13,375 

216,470 
-11,718 

204,752 

UNIX  License  6 , 700 

$211,452 
or  $42, 290/yr . 


Disk  Packs 


8%  disc  on  all  except  RWP04 


11/70  VA  CPU  with  64  KVA  Core 

FP-70-CU  Floating  Point  Processor 

MJ11-BE  Additional  64KW  Core 

2RWP04AA  88  MB  Disk  and  Controller  @ 35,000 

RJ11JAA  2.4  MB  Disk  and  Controller 

3 RK05J-AAs  3 additional  2.4  MB  Disks 

TMB  11-EA  Tape  Drive  and  Controller 

TU10W-EE  Tape  Drive 

DH11-AD  16  Line  Asynch  Multiplexor 

BC-5D-25  Cables 

LP11-WA  230  lpra  Printer 


‘STi-  N 'f  (01)0)  /YU 


Estimates  !iy  C.et>r.r  Ecu  A.  . i i,o>n|..itat  iun 
Universilv  of  !ll.in»Is  - lln.  11.1 


1HIS  PAGE  IS  BEST  QUALITY  PRACTICAJ3LI 
rac«  cxjpjy  wsmsms)  


. ;?:cLusiot:s  aad  recomhematioks: 

ETIS  represents  the  best  technology  available  for  Air  force  tse  in  the 
'.nviront.entai  Impact  Analysis  Process,  "he  Air  Force  should  ~rntinus  to 
. ay:  ire  its  use.  Vith  the  loss  of  current  hardware  support  ."chaduled  for 
~v--9  ina  U.S.  Army  intentions  unclear,  tte  Air  Force  should  c.J.a  immediate 
steps  tc  assure  that  ETIS  will  remain  "on-lire1'  without  interrui. tion. 

The  evaluation  of  imp lamentation  alternatives  shows  that  implementation 
of  ETIS  on  nn  Air  Force  minicomputer  .n.der  the  ,'JSIi  system  it  the  cost  effective 
; ho Ice , 

Suggested  steps  and  target  dates  for  imp  lemon  tat  in  on  an  Air  Forte 
mar iccaputer  are  as  fellows: 

(1)  Coordinate  draft  DAR  within  AFCE’C  by  Id  Aug  73. 

(2)  Send  DAX  to  AFDSDC  for  cor, merits  by  25  Aug  73. 

(3)  Drier  Commander  AFCEC  cy  1 Sept  73. 

(A.i  Submit  DAR  to  9Q  USAF/ACL  by  15  Sept  78. 

It  is  further  recommended  that  the  AI/P  program  single  manager  for  AFESC 
ntam  close  communications  with  HQ  CSAF/ACD  with  follov-uo  actions  as 
required  to  prevent  unnecessary  delays  in  saining  approval.  .AFDSDC  hat 
indicated  hardware  delivery  times  ranging  from  90  to  130  days.  Vith  June 
T9  tie  target  date  for  imp Lamentation  it  is  imperative  that  the  ’-ec-.-mmenda.i 
schedule  be  closely  followed. 

ETIS  development  and  expansion  should  continue  during  implementation  and. 
beyond.  Tne  major  thrust  should  be  in  the  preparation  base-line  data  bases 
for  use  in  comprehensive  planning  and  resource  ai .vocation.  Continued  coop-erat Ion 
•ifh  C2RL  and  additional  cooperation  with  universities  and  other  government 
igencies  is  recommended  *or  model  development  and  data  source  identification. 

Additionally  it  is  recommended  that  AFCEC  obtain  the  services  of  a 
c jmouter  scientist/syutems  analyst  and  two  (2)  programmers  for  ETIS  development. 
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APPENDIX  B:  ETIS  SUBYSTEMS 


The  Environmental  Impact  Computer  System  (EICS)  is  a matrix  approach 
relating  Air  Force  activities  to  potential  impacts  on  environmental 
attributes  or  characteristics.  The  user  is  provided  a tailored  matrix 
depending  upon  inputs  interactively  provided  in  answer  to  specific 
filter  questions. 

The  Computer-aided  Environmental  Legislative  Data  System  (CELDS) 
provides  abstracts  of  state  and  federal  legislation  and  regulations 
depending  upon  multiple  keyword  criteria  interactively  provided  by  the 
user. 

The  Economic  Impact  Forecast  System  (EIFS)  provides  baseline  data 
and  socioeconomic  predictions  for  any  multicounty  region  in  the  US  as 
defined  by  the  user. 

The  Clearinghouse  Information  System  (CHIS)  provides  points  of 
contact  for  local  governmental  coordination  as  directed  by  OMB  Cir  A-95 
subject  to  user  provision  of  geographic  designation. 

The  Baseline  Information  System  (BLIS)  is  still  under  development 
and  is  intended  to  provide  points  of  contact  for  environmental  data  for 
assistance  in  analyzing  potential  impacts  as  defined  by  EICS. 

The  Interagency  Intergovernmental  Coordination  of  Environmental 
Programs  System  (IICEPS)  identifies  pertinent  state  agencies  with  which 
coordination  in  certain  major  environmental  categories  is  required  by 
Air  Force  direction. 

The  Land  Use  Compendium  (LUC)  identifies  points  of  contact  at 
agencies  having  designated  categorical  land  use  control  responsibilities 
at  a state  level. 

Several  systems  and  models  are  envisioned  for  future  ETIS  inclusion. 
These  other  systems  will  be  similar  in  orientation,  directly  related  to 
base  and  MAJCOM  environmental  planning.  Some  will  be  in  direct  response 
to  new  regulations  requiring  scoping  processes  which  are  being  implemented 
by  the  President’s  Council  on  Environmental  Quality  (CEQ). 


L 
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APPENDIX  C:  CHARACTERISTICS  AND  ADVANTAGES  OF  UNIX  AND  C-LANUGAGE 


- UNIX  allows  multiple  interactive  users  all  utilizing  the 
same  data  concurrently. 

- The  interactive  system  supports  initiation  and  access  of 
data  files  by  the  user  program,  without  the  use  of  control  commands 
external  to  the  user  program,  and  the  typical  response  time  for  trivial 
requests  is  less  than  5 seconds. 

- UNIX  allows  single  disk  file  up  to  15  megabytes. 

- UNIX  has  the  ability  to  execute  system  commands  from  inside 
user  programs. 

- UNIX  permits  parallel  processes.  A program  may  have  other 
processes  working  for  it  simultaneously. 

- UNIX  supports  hierarchical  directory/file  structure.  Data 
may  be  grouped  and  organized  into  directories  with  an  arbitrary  number 
of  subdirectories.  This  is  automatic,  free,  requiring  no  programming  or 
knowledge  of  the  system.  No  frustration. 

- UNIX  files  themselves  contain  no  structure  whatsoever. 

Each  file  is  simply  an  ordered  set  of  characters.  (A  "new  line"  is 
simply  another  character,  just  like  any  other,  it  merely  happens  to 
print  "funny.")  This  means  that  there  are  no  restrictions  on  the  size 
or  the  contents  of  files.  This  concept  makes  data  bases  with  variable 
length  records  throughout  easy  to  handle. 


- Shell  files  (i.e.,  command  files)  may  be  created  and  executed. 
There  is  complete  transparency  between  shell  files  or  executable  code. 

This  means  that  there  is  no  disruption  switching  back  and  forth  between 
interpreted  and  compiled  code. 

- UNIX  provides  simple  input  and  output  switching  as  well  as 
pipes  and  filters.  This  means  that  any  process  (be  it  a command  file, 
or  executable  code)  may  serve  as  a filter  for  some  other  process  and 
may  "pipe"  the  output  to  another  process  or  even  to  many  processes 
simultaneously. 

- All  peripherals  are  treated  as  files,  so  diverting  output 
to  and  from  peripherals  is  simple.  Also,  this  means  that  adding  a 
peripheral  is  trivial,  amounting  to  no  more  that  writing  a driver  for 
it. 

- UNIX  has  a powerful  text  editor  and  many  tools  for  manipulating 
lines  of  text.  With  the  use  of  these  tools  and  the  editor,  many  applications 
of  data  management  require  absolutely  no  programming  whatsoever. 

- UNIX  has  excellent  inter-terminal  communications.  Again, 
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since  terminals  look  like  files  to  UNIX,  writing  to  them,  allowing  users  to 
communicate  with  each  other,  is  a trivial  matter.  Also,  UNIX  provides  an 
excellent  "mail"  facility  for  users  not  logged  in  or  permanent  records.  Each 
user  has  a "mailbox"  file  which  is  checked  in  at  log-in  time  (or  whenever  the 
user  pleases). 

- The  UNIX  environment  encourages  "software  tool  building."  Any 
procedures  written  can  be  strung  together  with  other  procedures  easily,  or 
used  as  filters,  to  produce  new  procedures. 

- UNIX  has  an  excellent  document  formatter  (text-processing)  and 
phototypesetter. 

In  short,  UNIX  is  the  kind  of  environment  to  provide  the  flexibility 
necessary  in  a research  organization.  Some  of  the  features  are  unmatched 
elsewhere,  let  alone  on  a single  system.  Modifications  to  software  or  hardware 
can  be  made  with  a minimum  hassle.  New  areas  and  application  are  continually 
being  made  available.  Currently,  at  least  two  smaller  versions  of  UNIX  have 
been  implemented  on  microprocessors.  For  a more  descriptive  discussion  of 
UNIX  features  and  advantages,  the  following  references  are  offered. 

Ivie,  I.  L.,  The  Programmers  Workbench  - A Machine 
for  Software  Development,  Communications  of  the 
Association  for  Computing  Machinery,  Vol.  20,  No. 

10,  October  1977. 

Kernighan,  B.  W. , A Tutorial  Introduction  to  the  UNIX 

Text  Editor.  Internal  Memorandum,  Bell  Laboratories, 

Murray  Hill,  N.J. 

, Programming  in  C - A Tutorial.  Internal 

Memorandum,  3ell  Laboratories,  Murray  Hill,  N.J. 

Madden,  J.  G. , C:  A Language  for  Microprocessors?  BYTES, 

Date  Unknown. 

Ritchie,  D.  M.  and  Ken  Thompson,  The  UNIX  Timesharing  System. 
Communications  of  the  Association  for  Computing 
Machinery,  Vol.  17,  No.  7 July  1974. 

UNIX  Programmers'  Manual  Bell  Laboratories, 

Murray  Hill,  N.J. 

Stiefel,  M.L.,  UNIX,  Mini  Micro  Systems,  April  1978. 
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I n+roduc+ion 


Control  of  target  seeking  devices  (e.g.,  air-to-air  missiles)  has 
traditionally  been  accomplished  by  guidance  laws  synthesized  by  optimal 
control  formulations  subjected  to  restrictive  assumptions.  Such  assumptions 
have  been  imposed  mainly  to  cause  the  resulting  guidance  law  to  be 
computationally  brief.  For  example,  the  model  of  the  target  chase  is 
chosen  linear  (ignoring  aerodynamics  of  the  missile  and  target),  the 
Target  is  assumed  to  have  constant  velocity  (non-maneuvering),  the 
missile  is  assumed  completely  controllable,  and  the  target  and  missile 
are  assumed  to  be  in  a fixed  relative  orientation.  To  some  extent, 
non-linearity  in  the  target  seeking  device  is  accounted  for  by  introduction 
of  another,  independently-designed,  control  system  known  as  an  adaptive 
autop i lot. 

Dissatisfaction  with  traditional  control  systems  is  that  the  closest 
launch  distance  to  the  target  required  to  achieve  an  interception  is 
perceived  to  be  excessive. 


Investigation  is  presently  being  conducted  by  the  Guided  Weapons 
Division,  Systems  Analysis  & Simulation  Branch,  Air  Force  Armament  Labora- 
tory to  achieve  a more  satisfactory  control  system,  including  alternative 
guidance  laws  and  estimation  algorithms.  At  issues  are  the  assumptions 
made  in  the  formation  of  control  and  estimation  algorithms,  alternative 
approaches  to  synthesis  of  control  and  estimation  algorithms,  and  the 
heuristic  sectioning  of  the  control  systems  design  into  independent 
tasks,  or  loops. 

Two  limitations  of  previous  control  formulations  were  considered 
for  improvement  during  the  10-week  research  term  of  the  author.  These 
are  the  lack  of  knowledge  of  a maneuvering  target  and  the  lack  of  complete 
controllability  of  the  missile.  An  attempt  was  made  to  include  knowledge 
of  target  maneuvering  into  the  control  law,  and  to  formulate  the  control 
law  so  that  control  commands  exist  only  in  the  controllable  subspace  of 
the  system.  Since  the  design  assumed  a noisy  environment,  theoretical 
analysis  was  made  to  examine  the  quality  of  the  performance  (by  means  of 
the  Kolmogorov  equation  and  i nvar i ant- imbedd i ng ),  and  computer  simulation 
was  made  to  determine  the  closest  launch  distance  permitted,  depending 
uoon  the  initial  mi ss i I e-target  orientation,  for  the  control  laws  synthe- 
sized. These  topics  are  expanded  upon  in  the  next  sections  of  this  report. 


Formulation  of  Target-seeking  Model 

Consider  a point-mass  target  and  seeker  in  fixed  axes  (shown  in  two 
dimensions  in  Fig.  I)..  The  vector  S represents  the  separation  between  the 
missile  and  target,  while  a/  and  a™  represent  vectors  of  acceleration  for 
target  and  for  missile.  The  vectors  S_,  a+,  and  am  are  assumed  to  have 
representation  according  to  mutually  orthonorma I bases  having  a known 
origin  (Xj  and  X2  shown  in  Fig.  I). 


The  target-seeker  dynamic  model  may  be  written 


• (j 

wherein  £ = dT  §.*  The  model  whose  behavior  is  described  by  (I)  is  a 

particularly  simple,  yet  desirable,  formulation  from  a conceptual  view- 
point, since  it  is  linear  and  time  invariant;  it  is  well-known  that  such 
problems  are  readily  ameniable  to  feedback  control.  The  more  obvious 
limitations  of  (I)  are  the  difficulty  in  measur i ng  S and  from  a missile, 
the  lack  of  a description  of  aerodynamic  effects,  and  the  uncertainty  of 
the  representation  of  all  vectors  in  inertial  coordinate  axes.  Of 
particular  distress  is  the  presence  of  the  term  the  target  acceleration 
vector,  since  it  is  not  directly  accessible  either  before  or  during  system 
operation. 


Previous  attempts  at  controlling  a missile-target  system  have  gener- 
ally uti  I i zed  the  model  or  ( I ) by  assumi  ng  that  a_T  = 0 (or,  i n more 
advanced  efforts,  that  Ella ']  = 0)  and  that  S_,  S_  are  adequately  approxi- 
mated by  measureable  quantities  (perhaps  by  an  optimal  observer). 


Another  limitation  is  that  the  missile  acceleration  a^,  which  is  to 
be  controlled,  cannot  be  oriented  at  will  due  to  the  lack  of  a throttle 
control  (i.e.,  the  acceleration  directed  along  the  mi ssi le  veloci ty 
vector  is  specified,  subject  to  aerodynamic  forces,  solely  by  the  engine 
thrust).  The  control  law  should,  therefore,  produce  an  acceleration 
command  at  all  times  perpendicular  to  the  missile  velocity  vector,  which 
is  a controlled  vector. 


For  purpose  of  this  study,  the  following  model  is  chosen 

■*R] ut  il * * [i] 
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where  x = QsJ,  S^1",  vm"'”3 
acceleration  of  the  missile, 
vector 


v = a_^"  , u = control,  and  w = thrust 

The  controlled  quantity  is  the  response 


10  0 

o' 

~$  ' 

r = Hx  + Du  = 

0 o r 
0 0 0 

x + 

0 

I 

U = 

u 

L. 

Control  of  the  response  vector  is  achieved  by  minimizing  the 
scalar  quantity 

tf 


where 


and  r^Qr  = r'" 


= i x TS  x | +=+^  + 7 £ rTQr 

fs , ° 6] 

JSx  - *T  00  0 X = STS,S* 

IP  0 oj 

"°  0 °1 

ijS$]r  = 2Vm  v + uTv 


dt 


(4) 


The  rationale  for  choice  of  (4)  is  that  the  term  vmTu  is  the  projection 
of  commanded  acceleration  onto  the  missile  velocity  vector;  this 
quantity  must  be  zero.  It  was  hoped  at  the  beginning  of  this  research 
that  by  choosing  Q6  = q6I  so  that  qg  .*<»•,  the  control  law  u which 
minimizes  (4)  would  have  zero  component  along  vm,  as  required.  This 
was  subsequently  found  not  to  occur,  so  that  a more  convent ionaJ 
technique  was  eventually  implemented,  nevertheless,  the  term  u is 
retained  in  the  control  law. 


The  control  law  is  derived  as  follows  from  the  calculus  of  variation 

CO. 


- . „T 


ix  Sx/+=+ 


- ! 


1 rif 

2 Jo  CuTDTQD+2uTDTQH+xTHTQHx+2X'  (Ax+Bu+Cy-x)]  dt 
T 


■?  (x  Sx-2Xx)  + I I p _ t T t r 

2 't=+f  A x,+=0+7j  LuTDTQDu+2uTDT9Hx 

o 

txTHT0Hx+2  >T(Ax+Bu+Cy)  + 2\TxJdt 


Applying  the  Eu ler-Lagrange  equation, 

u = -(DTQD)  1 DTQHx  - (DTQD)  btA 

x = CA-B(DT9D)-,DT9H]x-B(DTQ0)-|bTA  + Cy  {5) 

* - CHTQD(OrOO)-'DrOH  - HtOH]x  - [A1  -hTQD  ( DT0D ) " 1 BTD X 
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Let 

A 5.  A- 

H=  bCi>tqi>)''bt 

is  C &TQ  ft)’1  DTG>  H - 

htqh 

Then  (5)  becomes 

• 

X 

- A x - B X + 

X 

= Dx  - AtX 

X Ctj)  - SxCty  i6) 

Assuming 

X * “Px  + ^ , then  ( 6 ) is 

solved  by  Vs  -(t>rQC&  8 1 

where 

?:  -?a  - ati>  + i 4 

\ - -(A-BP>T-*  -P^ 

i C4t)  » ° 

The  use  of 

(7)  is  illustrated  in  Fig.  2 

FltTC*. 


vrcrtfA 


Feeo^ACK 


The  +arget  acceleration  must  be  estimated,  then  low-pass  filtered, 
to  become  part  of  the  command  acceleration.  The  feedback  offers 
additional  control. 


The  boundary  condition  placed  upon  the  filter  equation  necessitates 
the  estimation  on  the  target  acceleration  for  beginning  until  the  end 
of  the  flight  trajectory.  It  is  assumed  that,  by  observation  of  the 
target  behavior  from  the  initial  time  to  the  present  time,  an  estimate 
can  be  produced  from  the  present  time  until  the  terminal  time.  No 
work  was  undertaken  to  determine  the  properties  of  such  an  estimator. 

The  estimate  may  be  updated  as  often  as  desired,  to  allow  a more 
accurate  computation  of  ^ to  be  produced.  The  final  time  estimate 
is  produced  at  any  prior  time  by 


The  advantage  of  choosing  the  linear  model  of  the  target-missile 
system  is  that  the  matrix  Ricatti  equation  may  be  analytically  solved. 
The  equation 


j>  + a7t> -t> -?%?  = o f p(.ty  = s 


(7a) 


wi  th 

A 


o I o 
O O 


U O 
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A 

t>  - 


o © © 

O O O 


© O Ife  I 

has  the  solution 


P(4)  = e 


, Q-r  ^ > Sfc’t*1'  S'=  SX 
* V 1 ii s C V * ^5* 1 T %» V 1 


s V W1  Si^3*  ^ + ^ ^ 1 * tfc ' 6*  1 


X li  \i  Ay  1 - 14  V (t»  + » 


where 


and 


€ = * i b *y  + «&*)» 


Aj*  = ■* 


Computation  of  feedback  controls  leads  to  the  following 


r s*r  (fr+i  Vjfr*  T 

^ ~ 1 € * £ * J 


v>t°  *x  1]/* 

Examination  of  Feedback  Gains 


Consider  two  cases  where  in  qg  = 0 and  qg  =®°.  This  corresponds 
to  the  case  where  no  constraint  is  placed  upon  the  control  acceleration 
and  the  case  where  the  term  X* 

j V~\ 


sr  O 


Table  I and  Table  2 summarizes  the  comDarison 


V 


%<.- 


Tab  I e 


FORtAAX  1 |FoR  JAAJC 


v m % c w 


<*-  vF  **r  v¥ 


St,! 


tv 


Table  2 


Let  the  caret  denote  the  case  for  which  q = 0°.  Then  as  seen 
from  tab  I es  I and  2, 

A 

p*  = ^7"  = /•  ^ 

k:  - nr* 

*t 

*/7  = 4 St74  /«■ 

V 

= z yr  = «.  7*?7 


It  is  therefore  seen  that  the  ratios  of  times  at  which  the  maximum 
magnitude  occur,  and  the  ratios  of  values  themselves^,  are  independent 
of  the  design  parameters  qg  and  s,  with  the  peakAin  K occurring 
shortly  before  that  of  K|  and  the  magnitudes  of  K less  than  that 
of  K.  This  situation  is  illustrated  in  Figure  2. 


Variation  in  cost  due  to  estimation  error 

As  explained  earlier  in  the  report,  the  target  acceleration  a_T 
is  inaccessible  for  direct  measurement.  Under  the  assumption  that 
observation  of  past  performance  of  the  target  provides  information 
concerning  the  future  behavior  of  the  target,  an  estimate  a_+  may  be 
obtained  for  target  acceleration  for  future  time.  This  estimate  may 
be  used  in  the  filter  equation  (7)  for  computing  the  variable  . 

An  analysis  was  made  by  the  author  in  order  to  determine  the  effect 
of  error  in  the  estimate.  A deterministic  case  will  be  considered 
f i rst. 


X r Ax  + Bu 


J*  i xTCtp  SxCty  * ^ u dr 

■U 


_■* — 


where 


-atp-pa  + PBtr  btp  , Ptty*S 

£*  -[A  -8R"8tP]T^  4.PC.J  , 


(13) 


The  total  cost,  as  a function  of  tf , t , may  be  found  by  solving 
the  Hami iton-Jacob i equation 

rsv  ,3vT|4i,THl  0 
H at  1 J 


m i n 

U 


(14) 


where  is  the  optimal  cost.  Eq  (14)  becomes 

jj  * (ffi  T{ <A  •Wbtp)x  * B rh  bt2  + ] + i y bV 


choose 


Pv  + *TPBlTBTP*  * 

V - i XT?X  - ^Tx  + 04 

= P*-2 
2 x 2 

» |xTPx  - ?Tx  + 


Substituting  into  Ham i I ton-Jacob i equation, 


U = £ ‘1tE1C‘BT2  4 VCj.  , 


S i nee 


PC^)-S  and  8 O * 


therefore 


So  that 


(16) 
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r 


(17) 


I 


*^yTPx  ~2t*  ■*-  oL 

{ (v-P'l^P  (x’-P'l)  + 


Equation  (16)  and  (17)  represents  the  cost  of  the  target 
acceleration  in  the  optimal  control,  assuming  that  the  target 
acceleration,  y,  is  known  completely.  It  is  seen  from  the  right 
side  of  (17)  that  reduces  the  total  cost,  since  ^rP'\  is  a 
positive  semi-def i n ite  quantity. 

The  results  in  Eqs.  (16)  and  (17)  are  well  known  [.22;  the 
following  result  is  believed  to  be  original.  The  system  is  given 

by 

x « A v ♦ "B  u*  + C^. 

"U*  - -P."'btPx  + ft-'  E>T1 

^ ^ - [A  - + PC  ^ 


It  is  assumed  that  y is  an  estimate  of  the  correct  target 
acceleration  y,  but  may  contain  an  error  in  estimation,  e.  It  Is 
desired  to  determine  the  deterioration  in  performance  when  y is 
substituted  for  y in  the  preceeding  scheme.  The  last  equation  of 
(18)  can,  by  the  linearity  property,  be  written  as 

•7  ’ ?< + 1’- 

i = -[A-BRVpf?,  -PC* 
i,  * -CA-IR-Wf-H  + Pee 

The  cost  to  be  considered  is 

J * i*(%)T  + t 


f 

t. 


U 


*Ti^  U*  at 


(20) 
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Let 


v-  J[v0>  > ^*1  • Then 

J^X&fSxCty  *{[  UT^Av  4 i $ , 

• V > ^*+  j ^ > ^-*]  ■+■  l "U*  ) 

--  vCv.A,tf,u']  4 I®')7**  + j£ ^ 


Therefore 


(§y)V  + §r*  + i u>tru*  ^ 


Substituting  (18)  and  (19)  leads  to 


< 4 8*r8VOj]4  Jf  * i[fEsVr2fB*YP»4X>W^J 


V -V  . 


— o 


After  some  algebraic  manipulation 


and  substituting 


the  result  is 


|?« 


(J^?  )T  ^-biTb^x  4 WY  (vW+^S+Jf + ^‘8*  ^ = ° 

Equation  (22)  is  a partial  differential  equation  representing  the 
change  in  cost  from  using  the  estimated  auantity  y in  the  control  law 
instead  of  the  true  quantity  y.  The  equation  will  now  be  solved. 
Assume  for  a solution 


|>  « \ v^G iv  - r*T*  ■*  p 


4 


(24) 


By  direct  substitution,  it  can  be  shown  that  the  solution  is 

Q=  - + (A-%RMljrP)TQ.  , Q(^)=o 

= - (A-  lftMBTP)T/VH  + Q[BR"8T^  +C^]3  /«<  Ur+)*° 
j*  - - iV'BP'Vli  4/VHr[B«’,CTCti+lt)*vC^|  , 

It  is  easi ly  seen  that  Q(t)  = 0 and  m(t)  = 0 for  all  t. 
Therefore 

/» 

or  j>*pU)=  ~ ^ ^Jr8R‘,8T^i  die 

where  -CA-B^'eTp]^,.  + ?Ce,  ^^)sO 


Consequently,  the  error  in  cost  is  proportional  to  the  integral 
of  the  square  of  the  error  in  measurement.  Eq.  (25)  gives  a means 
whereby  R may  be  chosen  as  a time-varying  matrix  in  order  to  reduce 
the  final  cost  of  performance.  This  was  not  pursued  in  this  study. 

By  use  of  equations  (25),  an  estimate  of  the  improvement  in 
behavior  can  be  obtained  when  the  target  acceleration  is  included 
in  the  control  law  over  the  control  law  in  which  the  target  acceler- 
ation is  ignored.  In  order  to  ignore  target  acceleration,  y=0. 

Then  y = -e  so  that  > or  that 

p*  1 4* 

and  £ * iVfc*',BTr  ^7^  > c> 


Equ i va I entl y , 

* = - { $ [V 


Substitution  of  (27)  and  (23)  info  (17)  yields  for  the  al+ered 
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(28) 


Eq.  (29)  is  the  "optimal”  cost  of  using  no  target  acceleration  in  the 
control  law.  Comparing  the  two. 


K»- ’‘V'pCv-- - f?,Tp"?i 

v to-  r(y.v\)  * jr  -ftTp\29) 

- ^ * 

Tt  -S 


where  (30) 

i = i $ 'i)T6*'V-t, 

Since  6 is  a positive  semi-definite  term,  performance  is  degraded  by 
not  including  the  target  acceleration.  (It  is  uncertain  whether  there 
exists  a target  acceleration  such  that  S = 0;  i.e.. 


*}?  BT1,  = for  a I I t tf  C A , 1 • ) 

The  importance  of  (29-30)  is  that  an  analytical  proof  is  given 
that  performance  is  improved  - certainly  never  degraded  - by  including 
The  target  acceleration  in  the  control  law;  and  that  the  amount  of 
improvement  is  related  to  the  output  signal  from  the  prefilter. 

The  stochastic  version 


Analogous  to  the  preceeding  action,  the  stochastic 
version  o the  target-seeking  system  mav  be  analyzed  by 
the  Kolmogorov  equation. 

The  system  is  y * A >C  l&u. ♦ 

- -f  C,  UT 

w w - white  noise 

E[u>]  * 

E [wouj*]  c Q(*) 


a 


(31  ) 


_T 


a more  precise  description  of  eq.  (37)  is 

4*  ■*  Av  44  -v  h.  C 4^ 

4^  * F dt  -v  q dur 

It  is  intended  to  minimize  ^ 

J-  e ^*T(^)Sx(ty  + i ^ vfRu 


The  Kolmogorov  equation  is  C3D 


O = v. 


* . iECuTRvl^*e[|'  Jf]  * iTrQ  syi  j- 


The  minimizing  u is 


tcsr  - ^ & 2* 


Substituting  (35)  into  (34)  yields 


O = Ul;)Wt£  - ft  * l*iw 

♦ i[kv*CF  f£  *iTrdav.  W1*8  S» 


Eq.  (36)  is  the  partial  differential  equation  for  which  the 
optima!  cost  may  be  determined. 


V*  i vTPx  -^x  -v 


L 


A 


as  a solution.  Substitution  of  (37)  into  (36)  yields 

£ « -At? 

\ •*  - (a-br”btp)t^  + pccfs*»  <;*)  9 

(*  - + ?T£(F§4<\*)  -iTrG( P9  |Hty*c 


so  that 


V - i^'p’^)Tp(v-p"'?)  -*•  (i  - i itp\ 


Eq.  (39)  is  analogous  to  (17). 


Simulation  Results 

A simulation  was  performed  to  evaluate  the  target-seeking  algorithm 
previously  mentioned.  This  simulation  was  in  2-dimensional  space. 

It  was  found  that  the  constraint  on  missile  acceleration  did  not 
fully  eliminate  acce I erat ion  i n the  d i rect ion  of  the  missile  velocity 
vector.  Consequently,  to  insure  a realistic  simulation,  residual 
acceleration  was  discarded.  Furthermore,  maximum  acceleration 
commanded  was  limited  to  100  g.  The  target  acceleration  was  made 
perfectly  available  to  the  control  algorithm,  and  represented  a 
target  having  8g  acceleration  normal  to  the  flight  path  and  2g  accele- 
ration tangential  to  the  flight  path  (this  results  in  an  outward 
spiral  of  the  target).  The  missile  thrust  lasted  for  2.6  seconds, 
with  initial  acceleration  of  28.55g  and  acceleration  of  40.96  a at 
t = 2.6  seconds.  For  t greater  than  2.6,  thrust  was  zero.  S = 20 
and  q = I0-4. 

Various  initial  conditions  were  tried  in  order  to  determine  the 
closest  range  (magnitude  of  S)  from  which  the  missile  intercepted  the 
moving  target.  Table  3 lists  the  closest  range  required  to  intercept 
(termed  the  inner  launch  boundary)  for  several  initial  missi I e- target 
configurations.  An  interception  was  considered  to  have  accurred  when- 
ever the  missile  approached  the  target  with  a distance  not  exceeding 
10  feet.  In  order  to  interpret  Table  3,  Figure  3 defines  0g,  the 
bore  angle  and  0^,  the  aspect  angle. 


It  is  noted  that  some  distances  are  quite  good  while  others  a r° 
somewhat  poor.^  An  examination  of  the  control  acceleration  in  the 
poor  cases  indicate  that,  over  a significant  part  of  the  flight 
trajectory,  the  commanded  control  was  limited  by  the  1 00a  maximum 
available  from  the  missile • 

Figure  4 plots  the  results  shown  in  Table  3 for  the  0°  bore 
ang le. 

Figure  5-14  shows  the  data  obtained  for  the  boundary  conditions 
given  in  Table  3.  These  figures  were  chosen  to  represent  a config- 
uration near  the  launch  boundary;  further  from  the  launch  boundary 
the  miss  distance  was  improved,  typically  less  than  I foot. 
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Items  for  Further  Study 


(1)  It  is  believed  that  inclusion  of  target  acceleration  is  desirable 
in  target-seeking  control  laws.  This  necessitates  a predictive 
estimator  for  supplying  estimates  of  the  future  target  trajectory. 

Such  estimates  should  be  mode  I - i ndependent. 

(2)  It  is  believed  that  the  constraint  upon  missile  thrust  is 
essential  in  design  of  a control  law.  This  has  been  included  on 
an  ad-hoc  basis  only  prior  to  this  report.  The  constraint  in  this 
report  proved  to  be  inadequate,  however.  This  implies  that  a 
non-linear  model  must  be  adopted.  Further  study  is  required  to 
select  a suitable  non-linear  model  and  a control  synthesis  technique 
which  permits  a computationally  feasible  control  law  to  be  implemented 
on-board  a missile.  It  is  presently  unknown  how  to  include  the  cost 
of  computation  in  a design  cost  function. 

(3)  Since  a control  law  based  upon  non-linear  design  must  be  used 
with  an  estimator,  study  should  be  directed  toward  optimization  of 
the  estimation  and  control  laws  simultaneously.  The  separation 
property  of  I inear-quadratic  design  probably  does  not  hold  for  the 
non- 1 i near  mode  I . 

(4)  A serious  limitation  on  optimal  control  schemes  is  that  time- 
to-go  is  not  readily  available.  The  simulation  studies  conducted  herein 
indicate  that  the  present  algorithm  is  very  sensitive  to  the  time-to-go 
estimate.  A comprehensive  theory  is  needed  accounting  for  the 
stability  and  the  optimality  of  the  time-to-go  estimate. 

(5)  A theory  of  sensitivity  of  cost  to  initial  conditions  is  needed. 
Included  in  this  broad  category  is  the  important  question  of  finding 
a way  to  reflect  the  desired  payoff  - the  inner  launch  boundary  - in 
the  cost  function. 
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ABSTRACT 


A study  was  made  of  the  relevant  design  factors  for  radomes  on 
air-to-air  missiles  travelling  at  hypersonic  speeds.  Textbooks, 
journal  articles,  and  government  reports  were  reviewed,  and  a 
bibliography  of  sane  of  the  more  relevant  sources  is  included. 
Methods  to  calculate  the  "boresight  error"  introduced  by  a radome 
are  considered,  including  ray- tracing  and  a recently  programmed 
electromagnetic  field  calculation.  It  is  concluded  that  a two- 
dimensional  major-plane-only  ray  tracing  formulation  is  inadequate 
to  determine  either  the  absolute  error  or  the  trend  in  the  error  as 
the  physical  parameters  of  the  radome  are  varied.  Since  the 
possibility  of  a "lensed"  radome  with  a layer  or  layers  of  ablative 
material  is  currently  under  serious  consideration,  a library  search 
to  determine  the  effects  of  ablative  materials  and  ablation  on  the 
radome  was  also  made,  but  its  results  were  inconclusive.  Finally, 
several  programs  were  written  utilizing  the  Tektronix  4014-1 
graphics  terminal  in  order  to  visually  display  and  conpare  some  of 
the  radome  shapes  and  ray- tracing  techniques. 
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I . INTRODUCTION 

The  problem  of  the  distortion  of  radar  frequency  (RF)  radiation 
passing  through  a radar  done  (radome)  has  existed  since  the  advent 
of  airborne  radar  during  World  War  II.1  As  is  well  known,  the  best 
shape  electrically  would  be  a hemispherical  shell  of  uniform  thick- 
ness with  a detector  at  the  center  of  curvature  (the  thickness  would 
depend  upon  the  incident  frequency) . Unfortunately , such  a shape 
is  too  blunt  from  an  aerodynamic  point  of  view,  especially  for  high 
speed  flight.  It  was  the  objective  of  this  ten  week  project  under 
the  USAF/ASEE  Summer  Faculty  Associate  Program  to  investigate  past 
work  done  on  the  design  of  radomes  for  hypersonic  flight,  to  evaluate 
some  of  the  current  work  in  radome  distortion  calculation,  and  to 
explore  other  approaches  that  might  prove  fruitful. 

i 

II.  RADOME  SHAPES 

,, 

In  general,  four  basic  shapes  have  been  used  for  radomes:  cone, 
ogive,  VonKarman,  and  power  series  (Fig.  I).2  Current  analytical 
work  and  experimental  results  indicate  that  a half-power  radome 
(i.e.,  the  surface  of  revolution  generated  by  the  curve  Y = 

(D/2) (X/L) 1/2)  may  have  the  best  aerodynamic  characteristics  for 
hypersonic  flight.3  Given  this  outer  shape  of  the  radome,  perhaps 
uniformly  coated  with  ablative  material (s)  to  protect  it  against 
rain  and  intensive  heating,  the  question  then  arises  as  to  what 

distortions  are  introduced  by  such  a shape.  Next,  can  these  distort-  . | 

ions  be  eliminated  (or  minimized)  by  varying  some  of  the  material 
parameters,  including  the  shape  of  the  innermost  wall  of  the  radcme? 


Before  attempting  to  answer  the  above  questions,  a clearer 
definition  of  the  "distortion"  is  needed.  When  radiation  passes 
through  a radome,  it  is  refracted  as  it  passes  through  the  radome 
material  and  its  amplitude  distribution  is  changed  (Fig.  2).  From 
a practical  point  of  view,  these  factors  manifest  themselves  as  an 
apparent  shift  in  the  direction  of  the  radiation  from  what  it  would 
be  were  the  radome  not  there  (Free-space  condition) . This  shift  is 
called  the  "boresight  error"  and  it  is  a nonlinear  function  of  the 
"look  angle".  In  addition,  the  change  in  the  boresight  error  per  unit 
angle  ("boresight  error  slope")  is  an  important  parameter  in  missile 
guidance  stability.  Thus,  calculation,  evaluation,  and  minimization 
of  boresight  error  is  a significant  aspect  of  radcme  design. 
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III.  THEORETICAL  BORESIGHT  ERROR  ANALYSIS 

Since  radome  construction  and  testing  are  costly  endeavors, 
analytical  approaches  to  both  the  aerodynamic  and  electrical 
properties  of  a radome  have  been  used,  especially  since  the  advent  of 
high  speed  computers.  Several  recent  reports  have  considered  a two- 
dimensional  analysis  of  boresight  error  using  ray- tracing  techniques  , 
which  follow  incident  rays  as  they  are  refracted  by  the  radome 
structure.  Figures  3-6  are  examples  of  such  ray- tracing  techniques. 
These  results  were  generated  on  the  Tektronix  4014  at  Eglin  AFB,  using 
a program  written  by  the  author.  Phase  or  wave -fronts  can  be 
represented  (as  in  Fig.  2)  by  measuring  equal  optical  path  lengths 
along  each  of  the  rays,  and  connecting  these  points.  Figures  5 and 
6 are  "lensed"  radomes  where  the  inner  surface  is  not  designed  to 
be  parallel  to  the  outer  one. 

In  Figures  3 - 6,  the  radiation  is  seen  passing  through  the  major 
plane  of  the  radome,  i.e.,  a plane  which  cuts  the  radome  in  half.  It 
was  hoped  that  such  a major- plane -only  simulation  might  lead  to  an 
adequate  indication  of  boresight  error,  or  at  least  allow  meaningful 
comparisons  to  be  made  between  various  radome  shapes  and  antenna 
locations.5  Grout age  and  Smith  apparently  have  proceeded  in  their 
earlier  work  precisely  on  this  assumption.  Crowe6,  however, 
convincingly  shows  that  the  contributions  from  radiation  passing 
through  other  parts  of  the  radome  can  have  a significant  effect  on 
the  boresight  error,  and  he  concludes  that  "a  major-plane-only 
simulation  cannot,  in  general,  be  expected  to  adequately  represent 
the  electrical  performance  of  a radome."7 


Fig.  1.  From  Crowe,  P.  2-2. 
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NONOPULSE  DIFFERENCE  PATTERN 


Fig.  7.  From  Groutage  and  Smith. 


Fig.  8.  From  Groutage  and  Smith. 


With  the  need  for  a three-dimensional  analysis  established, 

Crowe  extended  his  ray-trace  work  to  a "multi-plane  simulation."8 
Groutage  and  Smith9  have  also  recently  programmed  a 3-D  model  based 
upon  the  "plane-wave  spectrum  technique"10  and  transmission  through 
layered  media.  This  latter  calculation  uses  numerical  integration 
techniques  to  first  find  the  transmitted  fields  that  impinge  upon 
the  inner  surface  of  the  radome,  and  then  a series  of  matrix  products 
which  take  these  fields  through  the  radome  surface (s)  to  the  outer 
surface,  and  then  a numerical  integration  over  the  outer  surface  to 
find  the  far-field  radiation  patterns  (See  Fig.  7).  If  the  source 
is  a circular  mirror,  then  the  shift  in  the  angular  position  of  the 
maximum  of  the  transmitted  pattern  from  where  it  would  have  been 
without  the  radome  (free-space  position) , defines  the  boresight 
error.  If  a monopulse  array  is  used  in  the  "difference  Mode",  then 
the  shift  in  the  angular  position  of  the  minimum  would  define  the 
boresight  error  (See  Fig.  8). 11  Approximations  used  in  this  cal- 
culation include  the  assumption  that  the  field  passing  through  the 
radome  can  be  treated  as  if  it  is  locally  passing  through  a flat  sheet 
or  sheets,  and  only  fields  in  the  forward  half-space  of  the  antenna 
are  considered  with  all  multiple  scattering  and  surface  waves  ignored. 
Figure  9 presents  results  obtained  by  Groutage  and  Smith  for  a two- 
dimensional  ray-tracing  analysis  and  the  three-dimensional  "plane-wave 
spectrum  calculation.  The  disparity  between  these  results  is  obvious. 
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DLMI  at  Eglin  has  expressed  interest  in  a cooperative  effort 
in  radome  design  with  Groutage  (who  is  at  Naval  Ocean  Systems  Command) . 
As  currently  envisioned,  the  radome  will  consist  of  two  outer  coats 
of  ablative  material  and  an  inner,  "lensed"  body.  The  design 
procedure  will  be  essentially  "trial -and-error",  with  the  parameters 
of  dielectric  constant,  thickness,  and  shape  of  the  inner  surface 
varied  until  the  boresight  error  and  BSE  slopes  are  within  acceptable 
levels  (to  be  determined). 


IV.  ABLATIVE  COATING 

Because  of  the  high  speeds  of  future  air-to-air  missiles,  the  use 
of  ablative  materials  to  protect  the  missile  from  rain  and/or  excessive 
heat  has  been  contemplated.  A preliminary  search  of  standard  sources 
did  not  produce  much  information  on  this  topic,  with  the  exception 
of  one  disturbing  statement  by  L.B.  Weckesser:*2  "Use  of  an  ablative 
coating  over  the  window  portion  of  the  radome  has  the  obvious  dis- 
advantage of  affecting  the  electrical  performance.  For  this  reason, 
an  ablator  is  only  used  for  the  early  portion  of  a flight  when  and  if 
the  radar  is  not  needed  at  that  time."  Since  there  was  no  analytical 
or  experimental  substantiation  of  this  statement,  a further  search  of 
both  unclassified  and  classified  work  during  the  past  ten  years  was 
conducted  through  the  Defense  Documentation  Center.  Nothing  that  would 
clarify  the  above  statement  was  found.  Fortunately,  DLMI/ADTC  decided 
that  it  might  be  worthwhile  if  I attended  the  "Fourteenth  Symposium 
on  Electronmagnetic  Windows,"  held  21-23  June  1978  at  the  Georgia 
Institute  of  Technology,  Atlanta  GA  30332.  Mr  Weckesser  and  many 
other  radome  specialists  attended  this  meeting  and  the  effects  of 
ablative  coatings  came  up  both  in  the  presentations  and  during  the 
questions  and  discussions  afterwards.  A copy  of  the  'Trip  Report"  for 
this  meeting  is  attached  in  Appendix  I,  where  the  most  relevant  aspects 
of  the  meeting  are  summarized,  including  discussions  I had  with  Weckesser 
regarding  the  matter  above.  A reading  of  that  report  will  indicate 
that,  as  yet,  there  is  conflicting  opinion  and  data  on  the  consequences 
of  ablation.  Apparently  a system-by-system  analysis  may  be  the  only  way 
of  determining  the  impact  of  radome  boresight  error. 

V.  ADDITIONAL  AND  FUTURE  WORK 

In  an  attempt  to  understand  the  ray-tracing  techniques  discussed 
above,  this  author  wrote  several  computer  programs  for  graphic  display 
(cf.  Figs.  1,  3-6).  In  addition,  an  initial  calculation  was  made  to 
calculate  the  shape  that  the  inner  surface  of  the  radome  must  have  in 
order  that  plane-wave  radiation  incident  upon  the  radome  parallel  to  its 
axis  will  be  refracted  so  as  to  emerge  as  plane  radiation  within  the 
radome.  The  calculation  (See  Appendix  II)  is  in  two  dimensions  only, 
but  because  of  the  axial  symmetry,  this  would  represent  the  correct 
cross-section  for  the  three-dimensional  radome  surface  for  this  case. 


Figures  10  and  11  are  sample  outputs  from  this  program,  where  the  wave 
fronts  are  constructed  from  a "Huygens  wavelet"  construction.  As 
can  be  seen,  the  wavefronts  are  in  fact  flat.  The  next  extension  of 
these  results  would  include  generalizing  to  arbitrary  angle  of  incidence, 
still  in  two- dimens ions , and  then  extending  this  to  three- dimens ions  if 
the  results  appear  fruitful. 

One  other  area  of  possible  investigation  is  the  approximation  used 
in  the  3-D  electromagnetic  theory  analysis  discussed  above,  where  it  is 
assumed  that  the  transmission  of  the  fields  from  the  inner  surface 
of  the  radome  to  the  outer  surface  can  be  treated  locally  as  transmission 
through  flat  slabs.  At  the  Symposium  at  Georgia  Tech,  this  assumption 
was  questioned  several  times,  with  no  satisfactory  response.  An 
investigation  of  the  limits  of  validity  of  this  assumption  would  seem 
to  be  in  order. 


Fig.  10 


FOOTNOTES 


1.  A comprehensive  review  of  all  aspects  of  radomes , including 
their  history  of  development,  can  be  found  in  Walton,  II. 

2.  The  cone  and  "ogive"  shapes  were  historically  easiest  to 
manufacture;  the  VonKarman  shape  yields  the  maximum  volume-to- 
drag  ratio  for  a given  length- to-base  ratio;  the  power  series  ' 
using  the  3/4  power  approximates  the  minimum  drag  shape  for  a 
given  length-to-base  ratio  as  predicted  by  the  "Newtonian 
Approximation”  in  aerodynamics. 

3.  Air  Force  Academy  Wind  Tunnel  Tests  for  Pave  Brazo,  November 
1976;  L = length  of  the  radome,  D = diameter  of  the  base.  The 
ratio  of  L to  D is  called  the  "fineness  ratio". 

4.  Grout age;  Crowe 

5.  See  Crowe,  P.  2-23;  the  major  reason  for  this  hope  was  the 
simplicity  and  low  computer  costs  of  such  a simulation. 

6.  Ibid, 4 P.  2-23ff 

7.  Ibid. , P.  2-28 

8.  Ibid. , P.  2-28ff 

9.  Groutage  and  Smith 

10.  Wu  and  Rudduck,  I and  II 

11.  Groutage  and  Smith;  Figures  7 and  8 are  pre-publication  figures 
made  available  to  this  author. 

12.  Walton,  II.  P.84 
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Appendix  I 


AIR  FOR 
ECLIN 

REPLY  TO 

*ttn of,  DLMI  (Dr.  DeAcctis/2-2960) 

subject:  Trip  Report  - Attendance  at  Fourteenth  Symposium  on  Electromagnetic 
Windows 

T°  = DLMI 
DLM 

IN  TURN 

1.  The  Fourteenth  Symposium  on  Electromagnetic  Windows  was  held 
21-23  June  1978  at  the  Georgia  Institute  of  Technology,  Atlanta,  GA  30332 
(See  attached  "Final  Program") . This  meeting  dealt  extensively  with 
radome  analysis,  materials,  and  testing  including  a paper  by 
F.  Dale  Groutage  of  Naval  Ocean  Systems  Command  with  whom  members  of 
DLMI  and  I have  had  extensive  discussions.  Many  of  the  papers  dealt 
with  areas  of  radome  performance  that  I have  been  researching  during 
the  past  nine  weeks.  This  report  will  briefly  summarize  those  sessions 
and  presentations  which  would  be  of  particular  significance  for  the 
related  work  at  Eglin  AFB.FL. 

a.  Session  I - EM  Window  Analysis  and  Design: 

Of  the  papers  presented,  perhaps  one  of  the  most  important  was 
presented  by  Weckesser  et.  al.,  "Aerodynamic  Heating  Effects  on  Radome 
Boresignt  Errors".  Its  main  thrust  was  that  the  here- to- fore  unanalyzed 
effects  of  thermal  expansion  and  temperature  variation  of  dielectric 
constant  of  the  radome  material (s)  may  lead  to  problems  of  stability, 
especially  for  high  speed  missiles  with  stringent  boresight  error  (BSE) 
requirements.  The  conclusion  was  that  "most  likely,  new  radome  correct- 
ion procedures  will  have  to  be  developed  to  account  for  changes  in  BSE 
in  flight  [Proceedings,  P.49J".  However,  a later  paper  by  Kuehne  and 
Yost  ("When  are  Boresight  Error  Slopes  Excessive?")  yielded  some  evidence 
contrary  to  that  above  --  "missile  instability  due  to  these  large  [BSE] 
slopes  may  not  necessarily  result  in  significant  performance  degradation 
if  the  large  slopes  are  confined  to  small  regions  of  the  radome  [Proceed- 
ings, P.62]".  (It  should  be  pointed  out  that  Kuehne  and  Yost  were  among 
the  authors  of  the  first  paper  mentioned,  being  part  of  the  group  from 
APL/JHU) . It  thus  appears  that  it  is  not  clear  as  to  what  radome 
tolerances  are  necessary  for  a given  level  of  missile  performance. 
Apparently  each  missile  system  (including  radome,  guidance,  size  and 
propulsion)  must  be  analyzed  individually  for  such  a determination. 

More  investigation  is  obviously  needed  in  the  area  of  system  requirements. 

A paper  which  may  be  of  iaterest  to  those  in  DLMI  who  are 
interested  in  multi-mode  detection  systems  was  presented  by  Tanzilli 
et.  al.,  "Potential  for  Gicmically  Vapor  Depositicd  Silicon  Nitride  as 
a Multimode  Electromagnetic  Window  (Vis,  IR,  RF)."  The  material  discussed 
is  transparent  to  em  radiation  over  a wide  region,  including  the  visible. 


?TMENT  OF  THE  AIR  FORCE 

CE  ARMAMENT  LABORATORY  lATSC) 
AIR  FORCE  BASE.  FLORIDA  325-12 
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b . Session  II  - Environmental  Consi derations 

Session  III  - Materials  and  Coatings 

Most  of  the  papers  in  these  sessions  dealt  with  tests  conducted 
on  radome  materials,  including  both  body,  and  protective  or  ablative 
coatings.  There  is  apparently  some  interest  in  a relatively  new 
material,  Sialon,  which  may  have  some  potential  on  the  basis  of  preli- 
minary tests.  Of  especial  significance  to  DLMI , however,  were  two 
papers  dealing  with  erosion  and  ablation.  Balageas  et.  al . , "Aero- 
thermal  and  Electrical  Effects  of  Rain  Erosion  for  a Slip-cast  Fused 
Silica  Radome",  reported  that  in  sled  tests  at  approximately  Mach  4 
conditions  and  15°  angle  of  attack,  rain  erosion  of  the  outer  surface 
"destroyed  the  electrical  symmetry  of  the  radome  and  strongly  degraded 
its  electrical  performance  [Proceedings,  P.99]."  These  measured 
effects  on  BSE  were  confirmed  analytically,  using  actual  erosion  values 
as  input  to  the  program.  Again,  however,  balancing  information  was 
given  by  Markarian  and  Patton  during  the  question-and-answer  period 
following  their  paper,  "Aerothermal  Evaluation  of  Quartz  Reinforced 
Missile  Radomes."  The  speaker  (I  believe  it  was  Markarian)  indicated 
that  NWC  intends  to  conduct  tests  on  the  aerothermal  and  electrical 
performance  of  ablative  coatings,  and  that  some  preliminary  simulation 
analyses  indicate  that  up  to  30  mils  of  a surface  can  be  eroded  or 
ablated  without  significantly  changing  the  miss-distance  performance  of 
some  missiles.  This  analysis  only  considered  change  in  thickness  due  to 
erosion  or  ablation  — no  thermal  expansion  or  change  in  dielectric 
constant  was  taken  into  account. 

c.  Session  V - Measurements 


This  group  of  papers  dealt  with  descriptions  of  test  facilities, 
and  one  considered  the  fabrication  of  a resonant  metallic  radome  surface. 
Dowling  et.  al . , from  Raytheon  described  on  "Automated  Radome  Test 
Facility"  which  consists  of  a mini-computer  driven  data  collecting 
facility  capable  of  collecting  data  from  upwards  of  115,000  observation 
points  in  the  vicinity  of  a radome.  This  information  is  interpreted  in 
terms  of  BSE,  thereby  obtaining  a map  of  the  errors  for  a particular 
radome.  Such  a system  is  used  by  Raytheon  as  a designing  tool  (data 
not  available  - I asked),  but  it  would  be  the  precursor  of  a micro- 
processor based  compensation  system  which  would  use  the  error  mapping 
as  a databank  to  correct  incoming  information. 

A second  paper,  "Solar  Testing  at  the  Advanced  Components  Test 
Facility"  by  Altman  suggested  a method  of  testing  a radome  as  its 
temperature  changes.  The  facility  described  a prototype  solar  energy 
facility  at  Georgia  Tech.  By  placing  a radome  with  transmitter  at  the 
focus  of  the  collecting  - mirror  field,  transmission  as  a function  of 
temperature  could  be  measured. 


2 . Summary: 


a.  It  is  clear  that  much  work  is  going  on  in  the  area  of  radome 
materials,  although  no  new  and  dramatic  breakthroughs  were  announced  or 
contemplated. 

b.  Much  analysis  of  boresight  error  and  BSE  slope  is  also  underway, 
with  most  work  having  advanced  to  three-dimensional  and  surface-inte- 
gration type  techniques  (mostly  based  upon  the  "plane-wave  spectrum 
representation"  of  Wu  and  Rudduck,  Final  Report  2969-4,  AD* 722634,  March 
1971). 


c.  There  is  apparently  fundamental  disagreement  and  conflicting 
evidence  about  boreisght  error  requirements  of  radomes.  I approached 
L.B.  Weckesser  during  one  of  the  "coffee  breaks"  regarding  a statement 
he  made  in  an  earlier  article:  "Use  of  an  ablative  coating  over  the 
window  portion  of  the  radome  has  the  obvious  disadvantage  of  affecting 
the  electrical  performance  (Radome  Engineering  Handbook,  J.D.  Walton,  Ed. 
Marcel  Dekker,  Inc.,  New  York,  1970,  P.84)."  He  indicated  that  his 
concern  was  (and  is)  the  change  in  thickness  of  what  was  otherwise 

a very  accurately  machined  surface.  Yet  his  own  colleagues  presented 
contrary  information  (see  Item  la  above). 

d.  A perusual  of  the  thirty  - five  papers  presented  indicated  that 
over  60%  (22)  were  either  U.S.  Government  supported,  supported  by  a 
foreign  ally  government,  or  conducted  in  government  supported  facilities. 
It  would  thus  appear  that  attendance  at  such  a meeting  would  be  an 
important  (and  convenient)  way  to  determine  the  type  of  work  being 

done  elsewhere  with  government  support.  It  also  is  a convenient  medium 
for  industry  to  communicate  its  state-of-the-art  work  to  its  biggest 
customer.  Since  the  scope  of  this  type  of  meeting  is  so  small,  one 
can  be  relatively  sure  that  a large  fraction  of  the  papers  would  be  of 
interest  to  anyone  working  in  such  an  area  (the  latter  is  generally 
not  true  at  meetings  of  scientific  or  professional  associations  which 
are  broader  in  scope).  I am  sure  that  other  members  of  DLMI  could  have 
benefited  from  attendance  at  this  meeting,  and  1 urge  such  attendance 
in  the  future,  even  if  a paper  is  not  presented. 


LOUIS  A.  DeACETIS 

USAF/ASEE  Summer  Faculty  Associate 
at  DLMI 
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Appendix  II 


Calculation  of  the  Inner  Surface  of  a Radome 
Assumptions : 

a)  The  outer  surface  of  the  radome  has  a half-power  shape  of  the 
form: 

y = a < 

b)  The  incident  radiation  is  travelling  parallel  to  the  x-axis 
which  is  the  axis  of  the  radome. 


Consider  two  rays  incident  upon  the  front  surface  of  the  radome, 
one  passing  through  the  center  and  the  other  at  some  height  y above  the 
center.  Let:  ^ 

n = index  of  refraction  of  the  radome  material 

S = axial  thickness  of  the  radome. 

For  the  radiation  within  the  radome  to  be  plane  parallel,  the  optical 
path  ABC  must  equal  the  optical  path  AQBoC0  (Fig.  Al) . 


Thus, 


(AB)  + n(BC)  = n(AoB0)  ♦ (B0C0) 


CD 
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Since  the  front  surface  passes  through  the  origin,  then 


Xp  + n(BC)  =nS+xc-S=S  (n-1)  + xc. 
Now,  (BC)  = (xc  - Xp)/cos(^).  Thus, 

Xp  + n(xc  - xp)/cos(.,’)  = S(n  - 1)  + x£. 
Solving  for  xc  yields: 

s + N xp 

xc  = 

N 

where, 

N = n ~ cos ) . 

(n-1) cos  [fi ) 


(2) 


C3) 


(4) 


The  equation  of  the  ray  from  B to  C is  given  by 

y = tan(/ ) x + yp  - tanQtf)  Xp.  (5) 

If  we  let  g (x)  represent  the  equation  of  the  inner  surface,  then  ray 
BC  intersects  this  curve  when  g(x)  = y from  equation  (5).  Let  (x  ,y  ) 
be  the  point  of  intersection.  Then, 


K xc  + L = g(xc),  with 

(6a) 

K = tan(^ ) , and 

(6b) 

(6) 

L = yp  - K xp. 

(6c) 

Choose  the  form  of  g(x)  to  be: 

g (x)  = r ^/x  - S . 

(7) 

Then,  combining  Eq.  6a  and  Eq.  7,  we  ge  can  solve  for  r to  get: 
r = K xc  * L 

Substituting  for  xc  from  equation  3,  we  get: 

N a 


(8) 


K S + 


(10) 


The  slope  of  the  outer  surface 
derivative  of  the  function  y = 


at  point  (xp,y  ) is  given  by  the 
a VT  , which  is  : 


y'  = 


a 

2 VT 


Then  angle  9 


P 


= arc  tan 


Applying  Snell's  law  to  the  refraction  that  takes  place  at  this  surface 
we  can  find  angle  (see  Fig.  A2)  from: 


cos  ) = cos  (<*  ) = cos^  = 2 ^*P~ 


n >|  a2  + 4 x,. 


(ID 


Then,  using  ^ = 9p  - o('  , we  get: 


X’  = arc  tan(  a ) - arc  cos(  JR 
r ’ ^ - '(ITT" 


).  (12) 


In  summary,  given,  values  for  n,  S,  a,  and  values  of  x^,  we  can 
use  equations  12,  4,  6b,  with  equation  3 and  yc  = r Sxc-S‘  to  calculate 
values  for  (xc,yc),  i.e.,  points  on  the  curve  g(x)  which  is  the  inner 
surface.  Figures  10  and  11  are  sample  outputs  from  this  procedure,  where 
the  value  of  the  constant  ”a"  is  given  by 
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ABSTRACT 

The  Zoom  Chain  Optical  System  is  designed  to  simulate  range 
closure  between  a missile  and  a target.  The  main  objective  of  this 
work  is  to  determine  the  feasibility  of  this  system.  No  other 
systems  are  commercially  available  and  none  have  been  designed  with 
this  magnification  ability.  Consequently,  the  equations  of  motion 
for  this  mirror  system  are  developed  and  analyzed.  Maximum  velocities 
of  the  mirrors  are  calculated  and  the  sensitivity  of  these  maximum 
velocities  to  the  simulated  variables  and  the  optical  system  para- 
meters is  also  computed.  Present  results  indicate  that  the  proposed 
mirror  system  is  quite  feasible  using  existing  hardware. 
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I. 


INTRODUCTION 


The  purpose  of  this  work  is  to  determine  and  analyze  the 
equations  of  motion  for  the  Zoom  Chain  Optical  System  shown 
in  Figure  1.  This  system  of  mirrors  is  intended  to  simulate  the 
range  closure  of  a missile  flying  at  a constant  velocity  as  it 
approaches  a target.  The  quantities  of  particular  interest  here 
are  the  maximum  velocity  of  each  table  and  the  sensitivity  of  these 
maximum  velocities  to  variations  in  the  simulated  variables  as  well 
as  to  variations  in  the  optical  system  parameters.  In  addition, 
a set  of  specifications,  based  on  the  above  analysis,  is  required 
for  the  stepper  motors  which  drive  the  tables.  Throughout  the 
analysis,  paraxial  rays  are  assumed  and  the  effects  of  lens 
aberrations  are  neglected. 


II.  EQUATIONS  OF  MOTION 

The  Zoom  Optical  System  is  required  to  simulate  the  range 
closure  of  a missile  flying  at  a constant  velocity,  V,  as  it  approaches 
a target  of  height  H.  The  target  is  located  at  an  initial  distance 
Rq,  measured  from  the  missile  to  the  target.  In  the  zoom  optical 
system,  the  target  is  simulated  by  the  fixed  image  formed  by  mirror 
1 (fixed  in  size  and  location) . The  object  distance  of  this  image 
to  mirror  2,  S2 (t ) , corresponds  to  the  distance  between  the  missile 
and  the  target,  R(t).  Since  the  missile  approaches  the  target  at 
the  constant  velocity,  V,  the  motion  of  mirror  2 is  constrained 
by 

dS2(t)  = kV  , S2(0)  = S2Q  (1) 

dt 


where  k is  a positive  constant,  and  the  initial  object  distance  S20, 
is  determined  by  the  desired  zoom  ratio  of  the  entire  optical  chain. 
The  zoom  ratio  is  defined  as  the  height  of  the  final  image  formed  by 
mirror  5 to  the  height  of  the  initial  image  produced  by  mirror  5. 
Thus,  the  desired  zoom  ratio,  ZD,  can  be  expressed  as 
5 

Z = R m^tf) 

1=2 

1*1  (0) 

where  m^(.)  is  the  magnification  of  the  ith  mirror  and  t£  is  the 
time  at  which  the  blind  range  is  reached.  The  blind  range  is  the 
distance  from  the  target  at  which  further  control  action  will  be 
ineffective  and  is  due  to  sampling  rates  and  guidance  and  flight 
control  computation  time. 


In  order  to  maintain  a uniform  zoom  rate,  the  motion  of  the 
mirrors  should  cause  the  magnification  of  each  mirror  to  change 
identically  and  synchronously.  This  requirement  translates  into 

dm^t)  = dmi+1(t)  i = 2,3,4  (2) 

dt”  dt” 

The  solution  to  equation  (1)  specifies  the  motion  of  mirrors  2 and 
4.  The  constraint  in  (2)  will  be  used  along  with  the  lens  formula 
[1]  to  specify  the  motion  of  mirrors  3 and  5 which  will  be  a function 
of  mirrors  2 and  4. 

Assuming  that  all  distances  measured  outward  from  the  lens  are 
positive,  the  appropriate  lens  formula  becomes 

1+1  =>  1 (3) 


S[(t)  Si(t)  f 

Where  S{(t),  is  the  image  distance  from  the  ith  mirror,  S^(t)  is 
the  object  distance  and  f is  the  focal  length,  assumed  to  be  the 
same  for  each  mirror.  This  equation  will  now  be  used  to  obtain 
a differential  equation  for  the  motion  of  mirrors  3 and  5. 
Solving  (3)  for  the  image  distance  of  mirror  3 

S$(t)  = f (1  + m3(t))  (4) 

where  the  magnification  m3(t)  is  defined  as 

m3(t)  = S£(t)  (5) 

Then  differentiating  (4)  gives 

dS'(t)  = f dm  (t)  (6) 

3 J 

dt”  dt” 

using  the  constraint  imposed  by  (2) 

dS’(t)  = f dm  (t)  (7) 

3 2 

dt  dt 
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This  couples  the  motion  of  mirrors  3 and  5 to  mirrors  2 and  4. 
To  simplify  (7),  apply  the  lens  formula  again  to  obtain 


m2(t0  = 


S (t)  - f 
2 


and  then  differentiating  for  use  in  (7)  gives 


dm,  (t)  = ^f 

_ (s2(t)  - f): 

dt 


dS2(t) 


Now  (7)  can  be  solved  from  a knowledge  of  S,(t)  found  from  the 
solution  of  (1)  to  be 

s2(t)  = s2Q  ♦ kVt  (10) 

Substituting  (10)  into  (9)  and  the  result  into  (7)  gives  a 
differential  equation  to  describe  the  motion  of  Mirror  3, 


dS’(t)  = 


(S2Q  > kVt  - f)‘ 


This  equation  can  be  solved  by  separating  the  variables  and  inte- 
grating. 


t 

JdS' (t) 
0 3 


-f  kV  (S2Q  ♦ kVi  - dT 


to  obtain 

S'(t)  = S'  CO)  + f2  ( 1 

3 3 S„A 


S20  " f 


) (13) 


s20  ♦ kVt  - f 


Equations  (1)  and  (10)  reveal  that  Table  1,  the  table  containing 
mirrors  2 and  4,  moves  toward  the  stationary  image  formed  by 
mirror  1 (V  is  less  than  zero).  To  understand  the  motion  of  Table  2, 
first  consider  an  expression  for  the  image  distance  of  mirror  2, 


dS'(t) 

2 

dt 


f dm  (t) 

2 

dt 


^ I is 


Using  (9) , 


dS'(t) 

2 

dt 


-f2  dS  (t) 

2 2 

(S  (t)  - f)  dt 


(15) 


Which  indicates  that  SJ,(t)  is  increasing.  To  see  what  happens  to 
S,(t)  apply  the  lens  formula  again  to  obtain 

S (t)  = f(l  + 1 ) (16) 

m3(t) 

and  then  differentiating 


ds3(t) 

dt 


-f  dm,(t) 

2 _ 

m3(t)  dt 


”23w 


dm2(t) 

dt 


because  of  (2) . Then 


dS3(t) 

dt 


f2 dS2(t) 

m2(t)  (S  (t)-  f)2  _ 

3 dt 


(17) 


(18) 


If  m3(t)  is  chosen  to  be  less  than  1 for  all  time, then  S (t)  is 
decreasing  at  a faster  rate  than  S^(t)  is  increasing  which  implies 
that  Table  2 must  move  in  the  same  direction  as  Table  1.  An 
alternate  argument  can  be  used  to  reach  the  same  conclusion.  In 
order  to  obtain  a useful,  stationary  output  from  the  optical 
system,  it  is  desired  to  have  the  image  formed  by  mirror  3 (and 
mirror  5)  fixed.  This  requirement,  and  the  fact  that  dS3(t)/dt  > 0, 
says  that  Table  2 moves  in  the  same  direction  as  Table  IT  Examination 
of  initial  and  final  positions  will  also  lead  to  this  conclusion. 


SLIDE  AXIS  MOTION 

The  equations  of  motion,  (10)  and  (13),  refer  to  changes  in  the 
object  and  image  distance  along  the  axis.  In  actual  operation,  the 
motion  of  the  tables  is  restricted  to  the  slide  axis.  Let  the 
location  of  the  image  formed  by  Mirror  1 be  the  origin  of  a rectangular 
coordinate  system  with  the  z axis  parallel  to  the  slide  axis.  Then 
at  any  time  t. 
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(20) 


T3T 


2 2 1/2 

2 (t)  = (S  (t)  - d ) z 

2 2 

where  z2(t)  is  a vector  from  the  origin  to  Table  1 along  the  z 
axis,  d“is  the  constant  distance  from  the  center  of  mirror  2 to 
the  z axis,  and  z is  a unit  vector  in  the  direction  of  the  positive 
z axis.  Simularly,  let  2 (t)  be  the  vector  from  the  origin  to 
Table  2 in  the  z direction  and  then 


2 3 Ct)  = -S^(t)  cosot  * 
z3(t)  = -S'(t)  Z2(t) 


(21) 

(22) 


s2(t) 


from  geometrical  considerations  and  the  law  of  reflection. 

INITIAL  AND  FINAL  TABLE  POSITIONS 

The  initial  positions  for  (10)  and  (13)  can  be  established 
from  the  lens  formula.  Specifically, 


S20  " f “ + 


) 


m2(0) 


and 


and 


S20  " f (1  + m2(0)) 


’30 


= f (1  ♦ 1 ) 

m3C°) 


and 


S30  - f ^ + V0” 


(23) 

(24) 

(25) 

(26) 


and  the  initial  magnification  of  each  mirror  is  given  by 

■i«»  = ZD-1/n  (27) 

where  n is  the  number  of  mirrors  in  the  zoom  system;  n = 4 in 
Figure  1.  The  final  magnification,  nu  (t  ) is  then  implied  to  be  1. 
Since  (27)  states  that  m2(0)  = m3(0),  then 


S - S 
20  30 


(28) 


and 


S*  = S' 

20  30 

which  leads  to 


(29) 


S'  = m (0)  S = m (0)  S 
30  3 30  2 20 


(30) 
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Note  that  equations  (28)  and  (29)  also  imply  that  the  image  formed 
by  mirror  3 is  also  located  along  the  line  z = 0. 

Now  examine  the  final  position  of  each  table  in  order  to 
compute  the  total  travel  distance  of  each  table.  At  the  final 
time,  t^,  m^(t^)  = 1.  From  the  lens  formulae, 

S ft)  = 2f  = S'(tJ  = S (t  ) = S'(t  ) (31 

2 f 2 F 3 f 3 f 

and  the  total  travel  distance  of  each  table  is 


S.(tf)  - S.(0)  = f (1  - 


1_ 

mi(0) 


III.  SIMULATION  RESULTS 

This  section  discusses  the  implementation  of  the  notion  equations. 
From  equation  (10), 

s2(t)  = S2Q  ♦ kVt  (32) 


the  final  table  position  is  used  to  evaluate  k, 
k = S„(t  ) - S„„ 

2K  f 20 


The  final  time,  tf,  is  determined  from  the  time  it  takes  the  missile 
to  fly  at  a constant  velocity  V from  R to  a distance  away  from  the 
target  equal  to  the  flind  range,  Rg.  Thus, 

= K _ R 

f B o r in  1 


Now  the  maximum  change  in  the  object  distance  with  respect  to  time 
is  of  particular  interest  here.  Since 


max  dS.(t)  = kV  = S (t J - S. 
l l r ^ 


using  (34) 


3r*T 


From  the  knowledge  of  the  initial  and  final  table  positions 

1/n 


max  dS^Ct)  = f (1  - 2^ 


) V 


(37) 


dt 


RB  - Ro 


Note  that  (37)  is  a constant.  This  equation  was  plotted  for  various 

simulation  tasks  and  is  shown  in  Figure  2.  Here,  the  focal  length 

was  1.25  feet,  the  desired  zoom  ratio  was  30,  and  the  blind  range 

was  1000  feet.  Presently,  the  maximum  velocity  of  the  tables  is 

limited  to  .25  feet  per  second  and  consequently  only  the  case  for 

R = 20000  feet  can  be  implemented, 
o 

The  maximum  change  in  the  image  distance  S2(t)  with  respect  to 
time  is  equal  to  the  maximum  time  rate  of  change  in  S^(t) . This 
can  be  shown  after  manipulating  (11)  with  the  help  of  (23)  and  (37). 
Furthermore,  each  maximum  speed  occurs  at  t£.  Thus,  the  instant  at 
which  the  blind  range  is  encountered,  the  tables  are  moving  with  the 
same  speed.  Consequently,  no  further  change  in  magnification  occurs 
as  the  simulation  stop  time  is  approached. 

Figures  3 through  6 are  graphs  of  velocity  and  position  versus 
time  for  a specific  case.  This  case  was  chosen  because  it  represents 
.the  most  realistic  situation  which  can  be  simulated  using  the  existing 
hardware.  Note  that  in  Figure  3,  the  magnitude  of  the  velocity  de- 
creases as  a function  of  time,  instead  of  remaining  constant.  This 
is  due  to  the  effect  of  the  cos  a in  Figure  1. 

IV.  SENSITIVITY  ANALYSIS 

In  this  section,  the  sensitivity  of  equation  (37)  to  several 
variables  is  considered.  Let 

S™  * max  dS^(t) 

dt~ 

and  then  the  sensitivity  of  S™  to  a variable  x is  defined  as 

smx  , 3S-n  x (38) 

2 2 1 T“ 

S 

37  2 

Table  I summarizes  the  pertinent  equations  and  sensitivities. 


aJ 
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TABLE  I 


OPERATING 

POINT: 

ZD  - 30 

R = 20000 

0 

RD  = 1000 

B 

sf 

= 

1 

smV 

2 

= 

1 

S^B 

- 

-Rb 

.0526 

2 

rb 

' Ro 

Qinz 

3 n 

_ 

-25Z^ 

.4365 

2 

1 

- z1/4 

mR 

S o 

_ 

Ro 

-1.0526 

2 

R 

B 

- R 

0 

This  table  indicates  the  dependency  of  the  motion  of  Table  1 on 
simulated  variables  and  optical  system  parameters.  Thus,  if  the 
zoom  ratio  were  increased  by  $0%,  one  could  expect  a 21.82%  increase 
in  the  final  velocity  of  Table  1.  On  the  other  hand,  the  blind  range 
has  very  little  effect  on  the  maximum  velocity  about  the  chosen 
operating  point  and  a change  in  the  focal  length,  missile  approach 
velocity,  or  initial  target  distance  essentially  causes  an  identically 
proportional  change  in  S™  . These  dependencies  are  illustrated 
graphically  in  Figures  7 through  12. 

In  Figures  7 and  8,  it  is  seen  that  the  maximum  speed  of  each 
table  can  be  reduced  by  decreasing  the  focal  length.  However,  a shorter 
focal  length  will  place  the  tables  closer  together  and  the  effects  of 
lens  aberrations  could  be  severe.  Also  note  that  the  graphs  are 
identical  and  this  is  because  each  table  has  the  same  maximum  velocity 
occurring  at,  t_,  as  previously  discussed.  These  graphs  were  generated 
for  a zoom  ratio  of  30  and  the  maximum  velocities  are  along  the  z axis. 


Figures  9 and  10  illustrate  the  dependency  of  the  maximum  velocity 
of  each  table  on  the  blind  range.  As  the  blind  range  increases,  the 
maximum  speed  increases,  which  is  contrary  to  intuition.  This  effect 
is  caused  by  the  angle,  a,  in  Figure  1.  As  the  blind  range  decreases, 
cos  a,  decreases,  thus  causing  a decrease  in  the  maximum  speed  of 
each  table. 

Figures  11  and  12  show  the  dependency  of  maximum  table  velocities 
on  the  zoom  ratio.  Here  the  blind  range  was  1000  feet. 


CONCLUSIONS  AND  RECOMMENDATIONS 


Using  the  existing  hardware,  the  present  mirror  system  can  adequately 
simulate  most  desired  missile  range  closures.  If  higher  velocities  of  the 
tables  are  required,  then  cable  or  chain  driven  slides  will  be  needed. 

This  is  also  true  for  shorter  range  simulations. 

In  this  work  it  was  assumed  that  the  missile  approaches  the  target 
with  a constant  velocity.  In  actual  operation,  this  is  not  true.  The 
system  can  still  handle  this  case  with  certain  modification  to  the 
derived  equation.  Equation  (1)  will  no  longer  be  a simple  linear 
differential  equation.  It  will  probably  have  to  be  solved  on  line, 
numerically.  The  motion  of  Table  2 will  then  be  a non-linear  differential 
equation  also  requiring  a numerical  solution. 

The  analysis  also  assumed  a final  magnification  of  one  for  each 
mirror.  Removing  this  assumption  will  lead  to  different  maximum 
velocities  for  the  tables. 

At  this  point,  it  seems  most  appropriate  to  construct  the  system, 
evaluate  the  image  quality,  and  correct  for  lens  aberrations  if  necessary. 


slide 

axis 


5000  feet 


Figure  2.  Maximum  Change  in  the  Object  Distance  vrs 


Figure  3.  Table  1 Velocity  vrs.  Time 
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Figure  5.  Table  1 Position  vrs 
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Figure  6.  Table  2 Position  vrs.  Time 
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Figure  7.  Table  1 Maximum  Velocity  vrs.  Focal  Length 
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Figure  8.  Table  2 Maximum  Velocity  vrs.  Focal  Length 
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Figure  9.  Table  1 Maximum  Velocity  vrs.  Blind  Rang' 
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Figure  10.  Table  2 Maximum  Velocity  vrs . Blind  Range 
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Figure  11.  Table  1 Maximum  Velocity  vrs.  Zoom 
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ABSTRACT 

Current  approaches  to  aircraft  design  have  identified  stores  manage- 
ment as  a distinct  functional  entity.  In  general,  aircraft  stores  are 
defined  as  the  complement  of  weapons  and  suspension  devices  which  are  in- 
tended as  line  replaceable.  The  management  of  aircraft  stores  involves 
the  control  and  communications  system  necessary  in  providing  the  pilot 
efficient  interaction  with  the  aircraft  stores  which  are  present. 

Recent  technology  advances  have  provided  the  impetus  to  optimize  the 
design  and  integration  of  Stores  Management  Systems  (SMS)  with  two  principal 
goals  in  mind:  (1)  reducing  the  complexity  of  the  hardware  required  without 
sacrificing  the  capability  and  reliability  of  stores  management  features; 
and  (2)  increasing  the  range  of  applications  of  stores  management  systems 
in  order  to  reduce  the  number  of  custom  aircraft/stores  configurations. 

Both  of  these  goals,  if  achievable,  could  yield  a drastic  reduction  in  the 
overall  life  cycle  costs  associated  with  the  weapon  systems  under  consider- 
ation. 

This  report  examines  current  trends  in  Stores  Management  Systems  and 
the  changes  to  future  systems  which  are  anticipated  due  to  advances  in 
electronics  and  communications  technology.  Systems  aspects  of  SMS  design — 
architecture,  communication,  hardware,  software,  operations — are  discussed 
and  an  approach  to  an  integrated/adaptive  SMS  is  proposed.  An  important 
part  of  this  report’s  conclusions  deals  with  recommended  areas  of  research 
and  development  to  be  pursued  by  the  Air  Force.  The  rationale  for  such 
recommendations  being  based  on  the  opportunity  for  future  SMS  configurations 
to  capitalize  on  current  and  anticipated  breakthroughs  in  related  technologies. 
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I . INTRODUCTION 


PROGRAM  BACKGROUND 


This  report  will  document  the  results  of  a research  effort  which  has 
been  performed  in  support  of  the  Air  Force  Armament  Laboratory  at  Eglin 
Air  Force  Base.  The  research  has  specifically  involved  problems  related 
to  aircraft  Stores*  Management  Systems  (SMS)  and  associated  technologies. 

The  issues  being  addressed  by  the  Air  Force  in  the  area  of  stores 
management  include  functional  concepts  such  as: 

•centralization  of  stores  management  functions, 

•functional  partitioning  of  stores  management  functions,  and 

•transparency  of  pilot-to-store  and  store-to-pilot  interface; 

as  well  as  system  concepts  such  as : 

•enhancement  of  reliability  and  confidence  levels, 

o aircraft/stores  interoperability,  and 

©minimization  of  pilot  recognition/reaction  time. 

Perhaps  the  pre-eminent  issue  involving  aircraft/stores  interface  is  one 
of  rising  life-cycle  costs  associated  with  growing  set  of  aircraft  and  stores 
having  limited  interoperability  characteristics.  This  situation  has  evolved 
primarily  because  interface  standards  have  been  nonexistent  and  stores  have 
traditionally  been  designed  for  specific  aircraft/application. 

A solution  to  the  interoperability  problems  will  involve  a well-conceived 
set  of  standards  and  some  radical  departures  from  established  design  strat- 
egies for  Stores  Management  Systems.  In  addition,  a careful  assessment  of 
technology  trends  must  be  undertaken  to  pinpoint  those  technologies  which 
should  be  further  encouraged  by  the  Air  Force,  and  where  technology  break- 
throughs should  be  anticipated.  An  SMS  to  address  the  needs  of  aircraft 
for  the  1980's,  1990's,  and  beyond  will  need  to  be  flexible  as  well  as  effi- 
cient (goals  which  are  usually  Incompatible)  and  must  take  advantage  of  the 
most  current  systems  and  hardware  technology. 

OBJECTIVES  AND  APPROACH 


The  initial  objective  of  the  research  task  undertaken  in  conjunction  with 
the  Munltlon/Alrcraf t Interface  Branch  was  an  assessment  of  directions  being 
taken  by  Stores  Management  Systems  architects  and  trends  observed  within 


* In  general,  aircraft  stores  are  defined  as  the  complement  of  weapons  and 
suspension  devices  which  are  Intended  as  line  replaceable. 


relevant  technologies.  Trends  would  also  be  assessed  In  related  areas  such 
as  interoperability  requirements,  military  standards,  and  life-cycle  cost 
factors. 

From  these  studies,  a second  objective  was  the  establishment  of  an  over- 
all aircraft/stores  development  picture  which  places  the  Stores  Management 
function  into  a more  meaningful  perspective.  The  final  objective  is  the  for- 
mulation of  cogent  suggestions  which  will  aid  the  Air  Force  in  establishing 
research  and  development  directions  to  be  pursued.  The  basis  for  such  recom- 
mendations being  the  likelihood  of  future  SMS  configurations  benefiting  from 
current  and  anticipated  progress  in  related  technologies. 

The  approach  taken  in  this  research  was  as  follows: 

(1)  Familiarization  with  Stores  Management  concepts; 

(2)  a.  Investigation  of  current  digital  multiplex  communications/ 

processing  system; 

b.  Assessment  of  current  and  anticipated  technology  trends  which 
relate  to  the  Stores  Management  function; 

(3)  Formulation  of  observations/conclusions  regarding  desirable 
evolution  of  Stores  Management  Systems; 

(4)  Identification  of  research  areas  which  are  vital  to  timely 
development  of  next-generation  Stores  Management  Systems. 

This  report  is  organized  to  include  background  material,  system  consid- 
erations, and  concepts  related  to  an  adaptive  Stores  Management  scheme  for 
future  aircraft/stores  operational  systems.  Section  II  reviews  background 
and  rationale  establishing  the  basis  for  this  Stores  Management  Systems 
study.  Section  III  discusses  the  key  technical  aspects — architecture,  com- 
munication, hardware,  software,  operations  and  support — of  the  overall  Stores 
Management  System.  Section  IV  considers  the  high-level  aspects  of  a Stores 
Management  System  which  takes  maximum  advantage  of  anticipated  technological 
improvements  and  aircraft/stores  operational  evolution. 

Recommendations  and  conclusions  are  Included  in  the  final  section  of  the 
report.  An  important  part  of  this  section  deals  with  recommended  areas  of 
research  and  development  to  be  pursued  by  the  Air  Force.  These  recommenda- 
tions are  based  on:  (1)  trends  observed  in  aircraft /stores  Interface  design; 
(2)  Stores  Management  Systems  evolution;  and  (3)  technology  advances. 


II.  BACKGROUND  AND  RATIONALE 

An  aircraft  Stores  Management  System  must  provide  a suitable  interface 
between  the  pilot  and  the  full  complement  of  aircraft  stores  and  associated 
suspension  equipment  which  is  onboard.  This  interface  must  be  capable  of 
providing  the  pilot  with  the  communications,  control,  and  display  functions 
necessary  for  efficient  management  of  onboard  stores  during  all  phases  of  a 
particular  mission.  Figure  1 illustrates  the  conceptual  problem  associated 
with  providing  this  interface. 


Figure  1.  Virtual  and  Actual  Pilot-Stores  Interface. 

The  solid  connecting  lines  indicate  the  hardware  interfaces  which  are  present 
and  necessary  for  the  integration  of  pilot/aircraft/stores  functions  and 
operations.  The  dashed  connector  shows  a "virtual"  interface  which  reflects 
direct  pilot  interaction  with  onboard  stores.  An  efficient  Stores  Management 
System  will  provide  the  appearance  of  virtually  direct  control  but  will  utilize 
all  appropriate  aircraft  subsystems  and  interfaces  in  performing  the  Stores 
Management  functions. 


If  one  begins  with  the  attributes  which  are  characteristics  of  an  over- 
all Stores  Management  System,  the  following  list  includes  the  principal  items 
which  must  be  addressed: 

• effective  centralization  of  the  functions  associated  with  stores 
management ; 

o continuous  pilot  appraisal  of  the  complete  inventory  of  stores 
onboard; 

o a flexible  but  efficient  means  for  control  of  any  of  the  available 
stores'  operational  modes; 

o maximum  interoperability  of  available  aircraft  and  stores; 

o transparency  of  pilot-to-store  and  store-to-pilot  interface; 

• minimum  pilot  recognition/reaction  time; 


e enhancement  of  system  reliability  and  confidence  levels. 


To  a fairly  high  degree,  the  attributes  listed  above  are  achievable 
with  the  exception  of  the  fourth  item — interoperability  of  aircraft  and 
stores.  Unfortunately,  it  is  the  interoperability  attribute  which  has  the 
most  drastic  effect  on  the  operational  costs  of  an  aircraft/stores  suite. 
These  operational  costs  can  be  considered  to  include  penalties  which  are 
not  strictly  dollar  costs,  such  as:  a limited  set  of  aircraft  on  which 
stores  can  be  flown;  the  time  associated  with  flight-time  operations  in 
fitting  aircraft/stores  configurations;  and  logistics  and  repair  delays 
associated  with  custom  aircraft/stores  configurations. 

To  form  an  appreciation  of  the  interoperability  problem.  Figure  2 
shows  the  proliferation  of  aircraft  and  stores  which  has  accompanied 
advances  in  weapons  requirements  and  new  technologies. 


Figure  2.  Proliferation  of  Available  Aircraft  and  Stores. 


The  reader  can  easily  appreciate  the  number  of  unique  configurations  which 
may  (or  may  not)  be  flown.  Nevertheless,  certain  comments  are  appropriate 

• the  aircraft  shown  includes  only  principal  Air  Force  attack  and 
fighter  aircraft; 


• the  number  of  stations  may  vary  from  eight  to  eleven  for  the 
aircraft  listed; 

o the  lists  of  suspensions  and  weapons  are  simply  meant  to  be  a 
sample — a complete  list  of  unique  suspension  devices  could 
number  over  100  and  weapons  could  number  over  200. 

A typical  calculation  on  the  F-4E  aircraft  which  has  nine  weapons  sta- 
tions, 17  compatible  suspension  devices,  and  62  possible  stores,  would  show 
the  number  of  unique  configurations  to  be  greater  than  2,000.  Only  a fraction 
of  these  configurations  is  possible  due  to  interoperability  problems  between 
weapons,  suspensions  and  stations.  Much  more  severe  restrictions  on  inter- 
operability are  encountered  when  different  aircraft  are  considered. 

The  rapid  development  of  advanced  weapons  has  been  spurred  by  break- 
throughs in  related  technology  areas  and  designs  have  been  influenced  by 
predominant  trends  in  aircraft  technology.  These  trends  are  principally: 

o increased  number  of  types  and  sophistication  of  aircraft/subsystems/ 
weapons ; 

o continuing  use,  improvements  and  confidence  in  digital  techniques 
for  a signal  processing,  communications,  and  data  handling; 

• increased  use  of  microelectronic  devices; 

o advances  in  software  development  technology  and  methodology; 

o improvements  in  communications  systems  technology; 

• operational  distributed  processing  systems  and  increased  use  of 
digital  multiplex  data  bus  techniques; 

e hardware  functions  increasingly  displaced  by  firmware  and  software 
Implementations;  and 

o military  standards  to  promote  interoperability. 

The  interoperability  and  technology  considerations  discussed  above  have 
a profound  effect  on  the  development  and  design  of  an  efficient  and  cost- 
effective  Stores  Management  System.  The  most  tenuous  problem  which  must  be 
addressed  is  the  development  of  Stores  Management  Systems  satisfying  a signif- 
icant interoperability  requirement  in  the  face  of  changing  technologies  and  a 
dynamic  aircraft/stores  suite. 

Despite  the  difficulties  inherent  in  the  development  of  a Stores  Manage- 
ment System  which  will  have  application  across  a wide  range  of  aircraft  and 
stores,  progress  in  related  areas  in  making  this  objective  feasible.  There 
are  two  specific  design  trends  which  are  influencing  the  evolution  of  Stores 
Management  Systems : 


t 


(1)  Increased  use  of  digital  techniques  and  microelectronics  devices. 

This  trend  places  added  emphasis  on  distribution  of  signal  and 
data  processing,  digital  multiplex  data  bus  communication,  and 
highly  modular  hardware  systems . 

(2)  The  use  of  increasingly  informat ion- intensive  system.  This 
results  in  the  realization  of  a greater  proportion  of  functions 
via  software  and  closer  attention  to  the  application  of  engineer- 
ing principles  to  all  aspects  of  the  software  life  cycle. 

There  are  a number  of  current  digital  multiplex  communications/processing 
systems  in  various  stages  of  development  which  reflect  the  trends  outlined 
above.  The  systems  which  have  been  investigated  in  conjunction  with  this 
study  include: 


° F-15  Avionics  Data  Bus  >-  operational 

e F-16  Stores  Management  Set  'V. 

c F-18  Redundant  Multiplex  Data  Bus 
0 B-l  Data  Multiplex  Buses 
c Space  Shuttle  Multiplex  Data  Bus  System 
« Navy  Shipboard  Data  Multiplex  System  (SDMS1 


Developmental 


* Eglin  F-4E  SMS  Flight  Test  Program  V. 
c AFAL  DAIS  Multiplex  System 

° Integrated  Digital  Avionics  for  Medium  STOL  l— Investigative 
Aircraft  (IDAMST)  J 

e Advanced  Remotely  Piloted  Vehicle  (ARPV)xX^ 


This  list  represents  a group  of  bellwether  systems  from  which  valuable 
lessons  can  be  learned  regarding  systems  design  for  advanced  military  air- 
craft. By  no  means  is  this  group  inclusive  of  all  systems  which  offer  data 
points  useful  in  determining  directions  for  evolving  Stores  Management 
Systems.  Other  sources  include  industrial  systems,  telecommunications 
systems,  programming  systems,  and  so  on.  The  critical  consideration  which 
should  be  given  to  advanced  SMS  development  is  to  avoid  a reliance  on  seren- 
dipity for  the  evolution  of  improved  systems.  Rather,  careful  attention 
should  be  given  to  the  areas  of  research  and  development  which  should  be 
encouraged  for  future  applications. 


III.  SYSTEM  STUDIES 


SMS  ARCHITECTURE 

Data  communications/processing  architectures  have  undergone  consider- 
able changes  during  recent  years.  These  changes  have  resulted  from  the 
increased  capability  of  hardware  and  better  understanding  of  communications 
techniques.  Figure  3 illustrates  the  classical  approaches  to  computer  com- 
munications networks.  For  many  years,  the  advantages  of  distributed  archi- 
tectures were  apparent;  however,  the  realization  of  effective  distributed 
systems  had  to  await  the  arrival  of  mini-computer  systems,  micro-processor 
technologies,  and  a better  understanding  of  computer  networking  strategies. 
This  now  being  the  case,  not  only  effective  distributed  systems,  but  also 
federated  or  embedded*  architectures  are  somewhat  commonplace. 


Figure  3.  Classical  Computer /Communications  Networks. 

The  system  designer's  problem  has  changed  from  one  of  adapting  a solution 
to  an  available  architecture  to  one  of  selecting  the  appropriate  architec- 
ture for  a problem  solution.  Not  only  are  the  classical  architectural 
concepts  being  used,  "hybrid"  architectures  using  aspects  of  more  than 
a single  type  are  being  Implemented,  as  well  as  "custom"  architectures 
devised  for  a particular  application. 

This  freedom  of  architectural  form  allows  the  development  of  a Stores 
Management  System  concept  which  is  tailored  to  functions  and  constraints  of 
the  aircraft/stores  environment.  A principal  consideration  is  the  MIL-STD- 
15S3B  multiplex  data  bus.  This  standard  is  an  effective  compromise  between 


* A federated  architecture  is  generally  considered  to  be  one  which  employs 
identical  computing  elements,  whereas  an  embedded  architecture  employs 
subsystem-unique  computing  elements . 


the  sophistication  required  for  efficient  communications  links  and  the 
simplicity  required  for  modularization  and  interoperability.  In  this 
report,  it  will  be  assumed  that  a MIL-STD-1553B  multiplex  digital  data 
bus  will  be  used  for  all  communications;  however,  the  topology  of  the 
computer/communications  network  will  be  tailored  to  the  SMS  function. 

A second  set  of  assumptions  which  will  influence  an  SMS  architecture 
involves  the  physical  characteristics  of  the  aircraft/stores  configurations 
to  be  considered.  Figure  4 shows  the  three  basic  configurations  which  will 
be  assumed  as  representative  of  virtually  all  aircraft/stores  which  are  of 
interest.  Several  points  should  be  noted  concerning  the  nature  of  these 


Figure  4.  Basic  Aircraft/Store  Configurations. 


configurations : 

• aircraft  stations  may  be  wing  stations,  wingtip  stations,  or 
fuselage  stations; 

• a station  suspension  may  be  a pylon,  conformal  pallet,  or  other 
aircraft-unique  device;  and  may  carry  single  or  multiplex  stores 
or  store  suspension  devices; 

• a suspension  device  may  be  a rack,  launcher,  or  other  store- 
unique  device; 

o store  suspension  devices  may  carry  single  or  multiple  stores; 


• stores  are  considered  to  be  missiles,  munitions,  guns,  pods, 
fuel  tanks,  etc. 


o stores  and  store  suspensions  can  be  released  or  jettisoned 
without  adversely  affecting  SMS  operation; 

o all  elements  of  the  assumed  configurations  are  potentially 
"smart"  devices,  i.e.,  have  data-handling  or  data-processing 
capabilities. 

A final  set  of  assumptions  considers  the  communications  paths  which 
are  required  to  accomplish  the  Stores  Management  function.  First,  it  will 
be  assumed  that  avionics  data  will  be  required  by  the  SMS  and  therefore 
data  transfer  (two-way)  between  the  avionics  bus  and  SMS  bus  must  be  possible. 
(This  also  assumes  a bus  structure  for  the  avionics  subsystem.)  Secondly, 
all  independent  buses  will  require  a bus  controller.  Third,  all  digital  data 
Interfaces  are  MIL-STD-1553B  compatible.  All  units  connected  to  a single  bus 
must  appear  as  remote  terminals  and  any  SMS  remote  terminal  may  communicate 
with  any  other  SMS  remote  terminal. 

The  simplest  architectural  concept  for  SMS  consideration  would  be  a 
single  SMS  multiplex  bus  with  all  related  subsystems  appearing  as  remote 
“erminals.  This  structure  is  shown  in  Figure  5 and  can  be  viewed  as  a 
"horizontal"  bus  structure.  An  assessment  of  this  architecture  in  relation 


A-Bue  H Avionics  lua 
A-fC  # Avionics  Im  Coat  collar 
A-tT  * Aviaales  Umci  Terminal 
S**»us  -*  Storms  Haaagaaant  Syetaa  Bus 
S»*-»C  * SMS  Bus  Controller 
SLO  * Station  Logic  Unit 


Figure  5.  Universal  (Horizontal)  Bus  Structure  for  SMS 


uncomplicated  structure 

inherent  modularity  would 
promote  software  simplicity 

communications  and  control 
algorithms  could  be  straight- 
forward . 


single-point-failure  possibilities 

possibility  of  excessive  SM-BC  traffic 

exclusively  serial  data/communications 
transmissions 

bus  length 

restricted  communications  protocol 

sensitivity  of  bus  traffic  to  sub- 
system changes. 


It  is  important  to  note  that  the  above  list,  by  simply  considering  the  num- 
ber of  items  in  each  column,  would  promote  a negative  reaction.  However, 
the  "weight"  or  importance,  which  should  be  assigned  to  each  item  has  not 
been  considered.  Quantitative  measures  would  be  difficult,  and  in  the  con- 
ceptual stages  of  a study  such  as  presented  here,  can  only  be  estimated. 

Figure  6 shows  an  SMS  architecture  which  could  be  considered  as  a 
"vertical"  bus  structure.  This  architecture  allows  independent  communication 


A- Bus  * Avionics  Bus 
SH-Bue  <4  SMS  Bus 
STA-Bus  Station  Bus 
Suap-Bua  4 Suspension  Bui 
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a-bc  •»  Avionics  Bus  Controller 
SM-BC  SMS  Bus  Controller 
ST A-BC  4 Station  Bus  Controller 
Susp-BC  •> Suspension  Bus  Controller 
Weapon-Bus  Weapon  Bus  Controller 
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SH-BT  * SMS  Remote  Terminal 
STA-IT  •*  Station  Remote  Terminal 
Suep-RT  4 Suspension  Remote  Terminal 
Uaapoo-RT  * Weapon  Remote  Terminal 


Figure  6.  Nested  (Vertical)  Bus  Structure  for  SMS 


bus  lengths 

speed 

isolation  of  subsystem  changes 

opportunity  for  independent 
subsystem  optimization 

restricted  communications 
protocol 

bus  controller  overhead 

parallel  communications  and 
data  transfer 

possibility  of  excessive  SM-BC 
traffic 

failure  isolation 

immunity  to  functional  or 
technological  changes 

physical  compatibility  with 
aircraft/stores  structure 

In  addition  to  the  strictly  horizontal  or  vertical  structures,  there 
are  a large  number  of  "diagonal”  bus  structure  possibilities.  In  general, 
such  a diagonal  structure  would  increase  communications  speed  at  the  expense 
of  hardware  and  software  complexity.  One  possible  diagonal  structure  is 
shown  in  Figure  7 and  employs  a special  controller  in  order  to  reduce  the 
communications  overhead  associated  with  the  multiplicity  of  bus  levels  in 

Control  Dl«f  lay  SM  | [ SMS 

P«Ml  I Storae# 


* Avlonica  So.  A-»C  ■»  A.lomc.  lua  Cmtroll.t 

SM-Bua  - SMS  Bu.  SM-BC  ->  SB  Bua  CoMtollat 

Sta-Bua  » Static  Bua  Sta-»C  ->  Static  Bui  Ccttollat 

A-RT  * Avionic*  Remote  Terminal 
Sta-RT  -»  Station  l«ti  Terminal 


Figure  7.  Interbus  (Diagonal)  Bus  Structure  for  SMS. 
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a vertical  arrangement.  This  type  of  architecture  would  have  the  following 
advantages  and  disadvantages: 


DISADVANTAGES 


single-point-failure  possibility 
unique  interbus  supervisor 
complicated  protocol 
software  complexity 


ADVANTAGES 


moderate  bus  controller  overhead 

balanced  controller  workloads 

speed/complexity  tradeoff 

failure  isolation 

some  immunity  from  functional  or 
technological  changes 

optimization  at  the  station  level 


An  assessment  of  the  candidate  architectures  which  have  been  discussed 
must  involve  not  only  the  listed  advantages/disadvantages,  but,  as  mentioned 
earlier,  their  relative  importance.  In  addition,  all  relevant  technical 
aspects  of  an  overall  SMS  must  be  considered.  These  include: 

e communications 

o hardware 

o software 

o operations  and  support 


Before  a proposal  is  put  forth  concerning  a suggested  architecture, 
the  next  section  will  discuss  the  four  technical  areas  mentioned  above, 
as  they  relate  to  the  Stores  Management  function. 


SMS  COMMUNICATIONS 

Directly  related  to  the  selection  of  an  SMS  architecture  is  the  speci- 
fication of  the  data  communications  procedures  which  shall  be  used.  The 
problem  is  somewhat  bounded  by  the  assumption  concerning  use  of  the  MIL-STD- 
1553B  multiplex  data  bus.  However,  this  standard  still  allows  considerable 
flexibility  in  the  communications  protocol  which  is  employed,  especially  with 
the  addition  of  a broadcast  option  in  the  1553B  version. 

Choice  of  an  appropriate  communications  protocol  is  generally  a compro- 
mise between  (1)  the  time  required  for  transmission  of  a complete  message 
from  one  communications  terminal  to  another  and  (2)  the  complexity  of  a net- 
work which  minimizes  message  transmission  times  for  all  possible  communications 


There  are  three  basic  communications  structures  which  have  received 
considerable  attention  in  applications  involving  distributed  terminals 
having  certain  characteristic  data  communications  requirements.  The  three 
structures  can  be  described  as  central,  partitioned,  and  hierarchical,  and 
are  shown  in  Figure  8.  These  communications  structures  strongly  reflect 
the  architectural  nature  of  a particular  system  configuration.  The  cen- 
tralized structure  is  particularly  appropriate  for  a universal  (horizontal) 


architecture  as  shown  previously  in  Figure  5.  A partitioned  structure 

would  suit  the  interbus  (diagonal)  architecture  of  Figure  7,  and  the  hier-  • j 

archical  structure  is  most  appropriate  for  the  nested  (Vertical)  architecture 
of  Figure  6.  The  final  choice  of  a communications  structure,  however,  will 
depend  not  only  on  the  system  architecture,  but  on  such  considerations  as: 

o number  of  remote  terminals  j 

o functional  relationship  of  remote  terminals 

o communications  protocol 

o required  communications  rates 

o data  rates 

o physical  constraints 

o modularity  and  flexibility  requirements 

The  actual  communications  protocol  to  be  followed  imposes  rules  upon 
central,  area,  or  local  communication  nodes  with  the  objectives  being  ar. 
orderly  and  reasonably  efficient  flow  of  network  messages.  If  a time- 
division-multiplex  data  bus  is  assumed,  three  principal  types  of  communica- 
tion protocol  would  merit  investigation.  These  protocols  are  described  in 
the  following  paragraphs  and  the  principal  attributes  of  each  are  listed: 
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(1)  Round-Robin  Protocol  - is  a dynamic  control  protocol  where  any 
remote  terminal  connected  to  the  data  bus  may  operate  as  a con- 
troller terminal.  In  this  method,  each  terminal  is  given  control 
of  the  bus  in  turn;  however,  only  one  terminal  may  transmit  at  a 
time.  The  order  in  which  control  is  offered  may  or  may  not  be 
fixed.  If  a terminal  has  data  to  be  transmitted,  this  is  accom- 
plished during  the  time  period  allotted;  otherwise,  control  imme- 
diately passes  to  the  next  terminal  in  sequence.  This  arrangement 
has  the  following  attributes: 

e difficult  to  extend  to  multiple  communication  (bus)  levels; 
o Inefficiency  in  resource  utilization; 
o timing  is  not  deterministic; 
o simplex  control  structure; 

o difficult  to  achieve  configuration  flexibility; 
o moderate  speed. 

(2)  Polling  Protocol  - is  a synchronous  command-response  protocol 
where  all  remote  terminals  are  queried  in  a sequential  fashion 
to  determine  if  a message  action  is  required.  If  a particular 
remote  terminal  is  queried  and  desires  to  initiate  a message 
transmission,  the  data  bus  is  made  available  for  the  required 
time  and  the  next  terminal  in  the  sequence  is  queried.  If  a 
terminal  requires  no  message  action,  control  is  simply  offered 
to  the  next  terminal.  The  following  attributes  are  inherent  in 
this  arrangement : 

o allows  nesting  of  of  communications  (bus)  levels; 
a graceful  degradation  features; 
o flexible  control  structures  are  possible; 
o timing  is  predictable; 

o moderate  inefficiency  in  resource  utilization; 
o moderate  speed. 

(3)  Interrupt  Protocol  - is  an  asynchronous,  interrupt-processing 
protocol  where  any  remote  terminal  may  request  use  of  the  data 
bus  at  any  time.  All  requests  are  either  handled  immediately 
or,  in  the  case  of  multiple  active  interrupts,  are  stacked  for 
eventual  handling  in  an  appropriate  fashion  (LIFO,  FIFO,  priority, 
etc.).  The  attributes  are  as  follows: 
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o complex  control  structure  Is  required; 
e graceful  degradation  features; 
o nesting  dramatically  complicates  control; 
o fast; 

o very  efficient  resource  utilization; 
o timing  and  validation  extremely  difficult. 

It  is  possible,  for  a particular  communications  network,  to  adopt  one 
of  the  above  protocols  exclusively.  In  addition,  a communications  structure 
may  employ  a combination  of  the  three  possibilities.  The  selection  is  de- 
pendent upon  the  characteristics  desired  in  a particular  application. 

For  Stores  Management  System  applications,  a command-response  polling 
protocol  would  be  compatible  with  MIL-STD-1553B  and  would  provide  a reason- 
ably simple  control  structure.  In  addition,  testing  and  validation  are 
simplified  due  to  the  synchronous  nature  of  communication.  Message  trans- 
mission speeds  are  critical  constraints.  On  the  other  hand,  an  interrupt 
protocol  would  provide  a speed  advantage  but  an  additional  interrupt  bus 
would  be  required.  Also,  an  interrupt  system  is  asynchronous  in  nature  and 
testing/validation  procedures  would  require  considerable  effort.  Finally, 
it  should  be  mentioned  here  that  a round-robin  protocol  provides  advantages 
of  synchronous  operation  but  this  protocol  is  not  well  suited  to  the  con- 
figuration changes  associated  with  the  SMS  environment. 

SMS-RELATED  TECHNICAL  AREAS 


There  are  a large  number  of  technology  considerations  which  will  in- 
fluence the  evolution  of  advanced  Stores  Management  Systems.  The  preceding 
two  sections  have  discussed  the  conceptual  aspects  of  an  SMS  architecture 
and  communications  structure.  Figure  9 shows  the  general  technology  areas 
which  will  affect  their  evolution. 


Figure  9.  Principal  Technology  Considerations. 


The  chart  shown  in  Figure  9 also  considers  the  operational  aspects 
of  a Stores  Management  System.  These  Include  the  operations  necessary 
for  the  development,  test  and  validation,  integration,  flight  procedures, 
and  maintenance  of  the  system.  These  are  recurring  costs  and  drastically 
affect  the  overall  life-cycle-costs  associated  with  the  system. 

The  following  paragraphs  will  highlight  the  specific  technologies  which 
are  implied  by  items  shown  in  Figure  9. 

Digital  Trends  - Whenever  possible,  it  is  becoming  increasingly  ad- 
vantageous to  represent  information  in  digital  form.  This  trend  is 
accelerated  by  the  widespread  use  of  LSI  processors  and  Che  greater 
number  of  subsystems  which  are  capable  of  data  processing  functions. 
Representation  in  digital  form  allows  data  manipulation  and  has  the 
adaed  advantage  of  inherent  standardization. 

Microelectronics  - This  single  area  of  technology  has  done  more  to 
revolutionize  the  system  design  process  than  any  other  related  tech- 
nology. Specific  devices  which  provide  the  system  designer  with  very 
powerful  tools  and  which  are  currently  available  or  soon  to  be  in  a 
production  stage  include: 
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o Linear  IC  devices 
» Digital  IC  devices 
p LSI  processors 
a LSI  memory  devices 
° Programmable  interface  devices 
a Mass  memory  micro-devices 

The  effect  of  microelectronics  advances  on  the  design  process  cannot 
be  overstated;  it  remains  for  the  military  users  to  exploit  these 
advances  and  promote  further  research  in  areas  which  promise  cost  or 
operational  benefits. 

Fiber-Optic  Communications  - The  increasing  use  of  multiplex  data 
bus  techniques  for  handling  of  information  as  well  as  the  growing 
volume  of  information  to  be  processed  aboard  an  aircraft  will 
ultimately  require  more  sophisticated  communications  links.  Fiber- 
optic technology  shows  a high  probability  as  a solution  in  this  area, 
and  will  soon  become  an  available  hardware  technology.  Fiber-optic 
cables  have  the  potential  to  provide  wide  bandwidth  (up  to  100  MHZ) , 
high  noise  immunity  communication  links  with  the  added  advantage  of 
allowing  alternative  multiplexing  techniques. 

Distributed  Processing  - The  techniques  and  technologies  required  to 
support  distributed  processing  systems  are  reaching  maturity.  Current 
system  configurations  make  liberal  use  of  distributed,  federated  and 
embedded  architectures,  as  well  as  combinations  of  these  basic  archi- 
tectures. This  allows  data  system  configurations  to  be  better  tailored 
to  the  physical  and  functional  characteristics  of  any  particular 
application. 

Software  Technology  - Recent  advances  in  the  software  area  have  cen- 
tered around  the  effective  management  of  software  projects  and  enhance- 
ment of  programming  techniques.  Management  efforts  are  attracting  more 
emphasis  as  it  is  recognized  that  costs  associated  with  integration, 
test  and  validation,  and  maintenance  are  the  overriding  software  cost 
factors.  Improved  programming  techniques  are  a direct  result  of  the 
recognition  of  this  fact.  The  Software  Engineering  area  has  developed 
to  the  point  of  being  an  identifiable  scientific  discipline. 

Military  Standards  - The  promulgation  of  a well-conceived  set  of  mil- 
itary standards  benefits  the  systems  architect  in  promoting  more  cost- 
effective  designs  and  usually  more  efficient  systems.  In  particular, 
the  following  standards  will  affect  SMS  development : 

- MIL-STD-1553B  - Multiplex  Data  Bus 

° MIL-STD-483/490  - Software  Documentation 
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° Proposed  MIL-STD  - Computers 

• Proposed  MIL-STD  - Store  Interface 

Interoperability  - The  importance  of  aircraft/stores  physical  inter- 
operability was  discussed  in  Section  II.  Just  as  important  is  the 
requirement  for  hardware  interoperability  on  a functional  level  in 
order  to  promote  subsystem  designs  which  can  proceed  concurrently 
and  face  minimum  integration  problems  at  system  test  time.  This 
allows  all  phases  of  aircraft/weapons  design  to  enjoy  a maximum 
amount  of  development  time  and  also  permits  subsystem  modifications 
without  prohibitive  integration  or  retrofit  costs. 

Aircraft/Stores  Requirements  - The  added  technological  sophistication 
of  both  aircraft  and  stores  is  requiring  much  greater  efficiency  in  a 
Stores  Management  System  which  must  have  a powerful,  yet  uncomplicated, 
weapons  management  facility  for  the  pilot. 


IV.  STORES  MANAGEMENT  SYSTEM  DEVELOPMENT  APPROACH 


The  preceding  section  discussed  the  various  technical  aspects  of  the 
Stores  Management  function  and  related  technologies.  This  section  will 
explore  an  approach  to  an  advanced  SMS  which  addresses  the  interoperability 
problem  and  takes  maximum  advantage  of  developing  technologies. 

A characterization  of  the  results  of  current  methods  in  SMS  development 
is  shown  by  the  state  diagram  of  Figure  10(a).  The  present  inventory  of  air 
craft  and  stores  carries  with  it  an  unwieldy  number  of  custom  SMS  designs 
tailored  to  specific  aircraft  and  specific  stores.  This  situation  remains 


Figure  10(a).  Present  SMS  Evolution,  (b)  Adaptive  SMS  Methods. 

stable,  although  inefficient,  if  current  capabilities  remain  fixed.  However 
when  any  new  weapon,  new  configuration,  or  new  technology  is  proposed,  a 
transition  is  precipitated  involving  system  studies  and  leading  to  a design/ 
development/verification  "state"  or  cycle.  Once  validation  of  any  new 
capability  is  complete  and  a system  modification  implemented,  the  result  is 
generally  another  custom  SMS.  The  implications  of  this  cycle  are  readily 
foreseeable  from  the  diagram  and  reflect  the  current  state-of-affairs  in 
aircraft /stores  interoperability. 

Figure  10(b)  depicts  a more  desirable  situation.  This  state  diagram 
reflects  a Stores  Management  System  which  has  minimum  sensitivity  to  weapon. 


configuration,  or  technology  changes.  The  implication  here  is  the  capability 
of  an  advanced  SMS  to  adapt,  through  purely  software,  or  programming,  means 
to  changes  in  program  or  mission  requirements.  In  addition,  technology 
changes  would  have  a minimum  effect  on  an  adaptive  SMS.  It  is  recognized 
that  changes  must  be  accounted  for  which  would  require  a design/development/ 
verification  cycle;  however,  once  implemented,  the  forerunner  SMS  would  be 
replaced  by  the  more  current  version. 

The  feasibility  of  an  adaptive  SMS  and  the  extent  to  which  it  would  be 
universal  between  aircraft  and  stores  is  certainly  open  to  debate.  On  the 
other  hand,  the  cost  effectiveness  is  self-evident.  The  remainder  of  this 
section  will  discuss  the  key  features  of  a Stores  Management  System  which 
has  maximum  potential  for  interoperability  and  adaptability  to  configuration/ 
weapon/technology  changes . 

Effective  development  of  an  adaptive  SMS  would  necessarily  be  in  the 
context  of  anticipated  aircraft  technology  evolution.  The  diagram  shown  in 
Figure  11  is  a graphic  description  of  the  technical  trends  affecting  the 
Stores  Management  function.  The  blocks  which  are  shaded  represent  technology 
driving  functions  and  were  discussed  in  the  previous  section.  The  overall 
diagram  illustrates  the  evolution  toward  integrated  aircraft/avionics/weapons 
systems. 


Figure  11.  Aircraft  Technology  Trends  Toward  Integrated  Systems. 

A Stores  Management  System  architecture  which  is  best  suited  to  highly 
integrated  aircraft  design  with  a maximum  degree  of  modularity  would  be  based 
on  the  nested  architecture  described  in  Section  III  and  shown  in  Figure  6. 
Reviewing  the  list  of  advantages  and  disadvantages  for  this  architecture 
reveals  that  the  list  of  advantages  allows  considerable  optimism.  In  addition 
of  the  four  disadvantages  listed,  only  two  present  problems  of  the  "make-or- 
break"  variety.  That  is,  (1)  speed,  and  (2)  bus  controller  overhead  are 
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disadvantages  which  must  be  overcome  in  order  for  the  architecture  to  have 
any  degree  of  viability.  Fortunately,  the  two  are  related  and  a solution 
for  either  would  probably  have  an  effect  in  both  areas. 

Figure  12  shows  the  nested  architecture  of  Figure  6 in  greater  detail. 
From  this  figure,  correspondence  with  the  physical  aspects  of  an  aircraft/ 
stores  interface  is  observable  and  the  inherent  modularity  can  also  be  seen. 


Figure  12.  Nested  Bus  Architecture  for  Avionics/SMS/Stores  Communication. 


The  unique  feature  of  the  architecture  is  in  the  capability  of  local  commu- 
nication so  that  parallel  data  transfer  operations  can  take  place  at  very 
high  rates,  taking  full  advantage  of  distributed  processing  capabilities. 

The  core  of  the  Stores  Management  System  would  include  the  SM-BUS  with 
associated  terminals  and  the  STA-BUS  with  its  associated  terminals.  In  a 
development  sense,  the  store  suspension  architecture  as  well  as  weapon 
architecture  would  be  the  responsibility  of  the  appropriate  development 
programs.  Central  to  the  interoperability  features  would  be  a standard 
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multiplex  data  bus  interface,  communications  protocol,  and  software  struc- 
ture. These  concepts  are  presently  being  employed  at  the  avionics  bus 
level  and  the  proposed  architecture  would  require  similar  communications 
in  a nested  arrangement.  The  communications  rate  problem  is  encountered 
when  data  transfers  are  required  across  a number  of  bus  levels.  In  this 
situation,  the  efficiency  provided  by  the  bus  controller  units  in  trans- 
ferring information  becomes  critical.  Bus  controller  capacity  is  also  the 
issue  when  considering  the  overhead  associated  with  data  transfer  between 
any  two  bus  levels. 

There  are  a number  of  technological  and  operational  considerations 
which  tend  to  support  the  Investigation  of  a nested  architecture.  First, 
the  nature  of  stores  management  communications  is  such  that  the  necessity 
for  transferring  large  volumes  of  data  at  high  rates  across  several  bus 
levels  does  not  presently  exist.  In  the  event  that  future  requirements 
dictate  such  a need,  a low-risk  posture  is  afforded  by  the  potential  bene- 
fits of  technological  advances  in  fiber-optics  links,  component  speeds, 
memory  capacities,  and  processor  throughput  capabilities. 

Efficient  control  of  overall  SMS  communications  will  be  a formidable 
problem.  This  control  will  reside  principally  in  SM-BUS  level  components 
but  will  be  distributed  to  a large  extent  among  station  level  components 
as  well  as  lower-level  processing  systems.  Ultimately,  the  effectiveness 
of  the  control  schemes  will  depend  in  large  part  on  the  software  structure 
adopted  during  the  conceptual  design  stages. 

The  role  played  by  the  software  aspects  of  advanced  systems  is  increas- 
ing in  both  volume  and  importance.  This  is  emphasized  by  an  observation  of 
current  trends,  such  as: 

• increased  application  of  digital  processing  techniques; 

o greater  proportions  of  processing  functions  realized  via  software; 

e microelectronics  devices  allowing  greater  volumes  of  software  to 
be  onboard; 

o greater  flexibility/intelligence  required  within  systems,  sub- 
systems and  devices; 

o systems  are  increasingly  information- intensive; 

o evolution  of  software  implementation  techniques  toward  a scientific/ 
engineering  discipline. 

The  greater  proportion  of  overall  system  design  which  involves  aspects 
of  software  technology  has  demanded  more  emphasis  on  software  development 
techniques.  An  advanced  SMS  having  considerable  software  and  firmware 
requirements  will  place  added  importance  on  the  definition  of  SMS  functional 
requirements  and  the  functional  partitioning  of  the  requirements.  These  are 
early-design-stage  tasks  which  have  a great  influence  on  the  final  hardware/ 
software  architecture  and  implementation.  Reference  12  contains  some  detailed 
analyses  of  this  concept. 
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The  tendency  to  replace  more  and  more  hardware  functions  by  software 
and  firmware  functions  has  significant  advantages  in  flexibility  and  the 
increased  capability  associated  with  added  intelligence  embedded  in  the 
software.  As  is  always  the  case,  however,  it  is  not  a situation  where  one 
gets  "something  for  nothing."  The  problems  introduced  by  the  added  reliance 
on  software  functions  involve  the  management  of  software  systems  and  test- 
ability of  software  items.  These  problems  are  particularly  acute  for  soft- 
ware systems  which  are  meant  to  be  flexible,  adaptive,  or  generic  in  some 
framework. 

Figure  13  illustrates  an  operational  scenario  which  is  implied  by  a 
Stores  Management  System  which,  in  the  interest  of  interoperability,  incor- 
porates a high  degree  of  flexibility.  The  nucleus  of  such  an  operational 
system  would  be  the  software  base  to  support  a limited  number  of  SMS  designs, 
each  of  which  is  generic  to  a maximum  extent . 


Aircraft 

Specification 
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Generate 
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Li  at 


Specify 
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Load  Modules 
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Figure  13.  Mission  Requirements-to-Aircraft  Test/Flight  Operations  with 
Adaptive  SMS  Features. 
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There  are  three  phases  of  operations  implied  by  the  flow  diagram  of 
Figure  13.  First,  specification  of  the  aircraft/stores  configuration  1 

would  be  proposed  in  response  to  stated  mission  requirements.  The  allow- 
able configurations  would  depend  upon  the  interoperability  which  has  been 
achieved.  That  cross-section  of  aircraft  and  stores  which  are  truly  inter- 
operable will  depend  not  only  on  the  flexibility  of  a Stores  Management 
System,  but  also  on  careful  planning  in  this  direction  for  other  subsystems, 
interfaces,  and  functions. 

The  second  phase,  generation  and  specification  of  software/firmware 
modules  would  depend  upon  an  extensive  support  software  base.  This  soft- 
ware support  facility  would  be  required  to  have  the  capability  to  either 

(1)  retrieve  the  necessary  load  software  from  an  extensive  data  base  or 

(2)  generate  the  necessary  software  module  lists  so  that  appropriate  modules 
could  be  combined  to  form  the  complete  load  software.  Any  combination  soft- 
ware modules  would  be  previously  validated  for  the  specific  aircraf t/stores 
configuration. 

The  third  operational  phase  would  be  part  of  the  actual  aircraft  flight 
preparation  procedures.  Any  software  or  firmware  modifications  which  are 
necessary  are  accomplished  at  this  point.  During  this  phase,  the  advantages 
in  ease  of  software  modification  relative  to  hardware  modification  is  realized. 

There  are  two  critical  areas  which  would  require  careful  attention  in 
the  development  of  an  advanced  SMS  of  the  nature  just  described: 

(1)  An  exhaustive  investigation  of  the  applicable  concepts  and  tech- 
nologies. Both  would  require  a level  of  maturity  sufficient  to 
support  the  development  of  a generic  approach  to  the  Stores 
Management  function. 

1 

(2)  The  establishment  of  an  SMS  software  development /support  facility. 

Figure  14  shows  the  operational  elements  which  would  be  required 

to  assure  (i)  coordinated  software  development — main  support  facil- 
ity, (ii)  local  autonomy — local  support  facility,  and  (iii)  overall 
control  and  management — standards  and  coordination. 


V.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  development  of  a wide  variety  of  aircraft  and  stores  to  fulfill  the 
Air  Force  mission  has  created  the  need  for  solutions  to  problems  involving 
interoperability.  These  problems  concern  not  only  the  Air  Force,  but  the 
entire  Department  of  Defense  and  the  NATO  nations. 

This  report  has  described  the  technical  aspects  of  a Stores  Management 
System  for  advanced  applications  which  treats  the  interoperability  issue 
as  a design  focal  point.  In  doing  so,  several  critical  technical  aspects 
are  exposed  for  consideration.  The  computer /communications  network  which 
would  be  best  suited  for  the  Stores  Management  function  is  one.  A nested 
architecture  has  been  described  which  has  an  inherent  physical  compatibility 
with  the  aircraft/stores  structure  and  is  considered  to  be  the  most  suitable 
scheme  for  immediate  investigation. 

The  selection  of  an  architecture  is  not  independent  of  the  optimum  com- 
munications protocol  for  a Stores  Management  System.  It  is  pointed  out 
that  both  synchronous  and  asynchronous  communications  schemes  bear  consider- 
ation. The  speed  advantages  of  an  asynchronous  (e.g.,  interrupt-driven) 
system  must  be  compared  with  the  greater  simplicity  of  a synchronous  (e.g., 
command-response)  system.  Other  tradeoffs  include  consideration  of  addi- 
tional hardware,  testability,  compatibility  with  1553  multiplex  standard, 
and  so  on. 

The  selection  of  an  SMS  communications  protocol,  in  turn,  will  have  a 
great  effect  on  the  complexity  of  the  required  software.  The  adaptive  SMS 
which  is  suggested  in  the  previous  section  would  rely  heavily  on  the  effec- 
tive management  of  software  development  and  maintenance  efforts.  A suffi- 
ciently complex  software  structure  would  pose  a threat  to  the  basic 
feasibility  of  such  an  attempt  to  enhance  aircraft/stores  interoperability 
features. 

An  objective  of  this  report  has  been  to  establish  a frame  of  reference 
for  the  pursuit  of  an  effective  Stores  Management  System  which  would  pro- 
vide, to  some  degree,  a solution  to  the  interoperability  problem.  Keeping 
this  objective  in  mind  and  considering  the  state  of  the  art  in  relevant 
technologies,  the  following  research  and  development  areas  appear  as  vital 
to  well-coordinated  advances  in  Stores  Management  Systems. 

R & D Areas  of  Immediate  Interest: 

Coordination  of  the  Stores  Management  functions  and  an  effective 

functional  partitioning  which  will  optimize  control,  data  process- 
ing, and  management  schemes  of  an  operational  system. 

Development  and  proper  influence  5n  military  standards  preparation. 

Development  of  the  pilot  interface  aspects  of  SMS,  including  stand- 
ard I/O,  display  technologies,  and  human  factors. 


jt. 
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Investigation  of  wide-bandwidth  digital  fiber-optic  communications, 
with  different  evolutionary  phases  considered:  all-optical  systems, 
electrical-optical  systems,  and  transition  systems. 

Investigation  of  the  all-digital  aircraft  concept  in  which  all  infor- 
mation, signal  processing,  and  control  functions  are  digitized  and  all 
switching  functions  are  electronically  implemented. 

R & D Areas  of  Short-Range  Interest: 

Development  of  an  analysis  and  simulation  capability  for  performance 
measurement  of  alternative  communications/processing  networks. 

Investigation  of  the  feasibility  of  an  adaptive  SMS  concept  and  the 
manageability  of  all  operational  aspects. 

Development  of  software  technologies  associated  with  management, 
development,  implementation,  maintenance,  testability,  and  docu- 
mentation of  software  systems. 

Development  of  interrupt-driven  communications/processing  systems 
with  reasonable  levels  of  testability. 

R & D Areas  of  Long-Range  Interest: 

Definition  of  standard  communications/processing  systems:  universal 
components,  universal  interconnections,  universal  communications  mod- 
ules, and  so  on. 

Investigation  of  basic  relationships  between  functional  definitions, 
process  representations,  programming  languages,  and  software  functions. 

Investigation  of  basic  relationships  between  network  architectures  and 
software  structures. 

Finite-State  Models  for  representation  of  communications  networks  and 
processing  functions. 

Stores  Management  Systems  higher-order  language  and  implied  architectures. 

Investigation  of  modular  communications  networks  which  are  dynamically 
adaptable  to  changing  communications  traffic  and  processing  functions. 

Investigation  of  Time-Division-Multiplex/Frequency-Division-Multiplex 
communication  systems  which  could  optimize  the  inherent  advantages  of 
wide-bandwidth/optical  technologies . 
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ABSTRACT 


This  report  outlines  a development  of  a set  of  consistant  governing 
equations  based  on  an  explicite  Lagrangian  finite  element  formulation. 

The  tetrahedron  finite  element  is  adopted  because  of  its  simplicity  and 
its  better  behavior  under  a relatively  severe  distortion.  The  Von-Mises 
yield  criterion  is  employed  to  account  for  plasticity  effect.  The  fracture 
is  characterized  by  equivalent  strain.  The  Mie-Gruneisen  equation  of 
state,  known  to  be  applicable  to  a wide  range  of  materials,  is  used. 

Derived  equations  are  implemented  by  modifying  the  existing  EPIC-3  code  (*). 


(*)  G.  R.  Johnson,  D.  D.  Colby,  and  D.  J.  Vavrick,  "Further  Development 
of  the  EPIC-3  Computer  Program  for  Three  Dimensional  Analysis  of  Intense 
Impulsive  Loading,"  Final  Report  to  USAF  Systems  Command,  ADTC,  Eglin  Air 
Force  Base,  Florida,  Contract  Number  F08635-77-C-0121 . 
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INTRODUCTION 


High  velocity  impact  problems  have  been  a subject  of  intensive 
research  for  the  last  three  decades.  In  recent  years,  more  attentions 
have  been  diverted  to  computational  investigations  largely  due  to  the 
advent  of  modern  high  speed  computers  and  advances  in  numerical  methods. 

The  correlation  between  the  theory  and  experiment  justifies  the  current 
trend  in  almost  every  aspect  of  mechanics.  Furthermore,  the  use  of 
theory  in  studying  the  high  velocity  impact  of  deformable  bodies  has 
given  insights  into  some  of  the  basic  phenomena  that  are  unobservable 
by  currently  available  experimental  techniques. 

Most  of  the  high  velocity  impact  calculations  in  the  past  have  been 
two-dimensional  analysis  based  on  the  finite  difference  method  (see, 
for  example, [1]  and  [2]),  some  of  which  have  been  applied  quite  successfully 
within  a certain  limit.  However,  a reliable  and  economical  technique  for 
three-dimensional  analyses  of  oblique  impact  problems  is  still  in  demand. 

Recent  reports  by  Reddy  [3]  and  Gordon  [4]  on  three-dimensional 
finite  element  analyses  of  hign  velocity  impacts  certainly  look  promising 
although  they  both  need  further  refinements  and  developments.  The  finite 
element  method,  which  has  been  proven  to  be  one  of  the  most  powerful  tool 
in  general  structural  mechanics  area,  is  now  recognized  as  a general 
method  of  approximation  of  partial  differential  equations  (see,  for  example, 
[5]  and  [6]),  and  should  provide  a plausible  alternative  to  the  finite 
difference  method. 

In  this  report,  a set  of  consistant  governing  equations,  using  the 
tetrahedron  element  and  the  Lagrangian  description  of  motion,  is  developed. 
The  resulting  equations  of  motion  are  explicit  Lagrangian  form  and  are 
integrated  directly  rather  than  through  the  traditional  stiffness  matrix 
approach  as  advocated  in  [4].  This  approach  of  direct  integration  certainly 
saves  a considerable  amount  of  computing  time  and  seems  to  provide  reasonabl 
accuracies  according  to  numerical  examples  given  in  [4].  The  tetrahedron 
element  is  selected  among  others  because  of  the  following  reasons: 

0 It  simplifies  the  equations  of  motion  because  each  element  is 
in  the  state  of  constant  stress. 

° It  is  well  suited  to  represent  complicated  geometrical  shape. 

° It  behaves  better  than  other  types  of  elements  under  a relatively 
severe  distortion. 

0 It  does  not  contain  any  spurious  element  mechanism  such  as 
unrealistic  zero  energy  mode. 

An  element  is  assumed  to  be  failed  either  plastically  if  the  Von-Mises 
yield  criterion  is  met  or  in  fracture  if  the  equivalent  strain  exceeds  a 
specified  limit.  A failed  element  is  treated  as  an  inviscid  compressible 
fluid  and  the  hydrostatic  pressure  is  computed  via  the  Mie-Gruneisen 
equation  of  state. 
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Derived  equations  are  implemented  in  a computer  code  by  modifying 
the  EPIC-3  code  described  in  [4]  and  numerical  experiments  are  underway. 
Computational  results  and  detailed  modification  of  the  code  will  be 
reported  in  a separate  report  due  to  the  shortage  of  time  allowed  in 
the  summer  research  program. 
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REVIEW  OF  GOVERNING  EQUATIONS 


The  basic  equations  of  a continuum  in  the  Lagrangian  description 
are  (Cf.[7]): 

° Continuity  aquation:  The  law  of  conservation  of  mass  leads  to 
the  simple  relationship  between  the  original  and  the  current  material 
density  or  volume 

fS  or  dv*jdva  (» 

where  J is  the  determinant  of  the  deformation  gradient 

Fij  = axi/aXj  (2) 

in  which  JC*  and  are  spatial  and  referential  coordinates  of  the  same 
material  point.  Throughout  the  report,  lower  character  indices  will 
vary  1 — 3 and  the  Einstein  summation  convention  is  implied  on  repeated 
indices  unless  stated  otherwise. 

° Equations  of  Motion:  The  law  of  balance  of  linear  momentum 
leads  to  the  celebrated  Cauchy's  equation  of  motion 

dfy/dXj  + fSi  * / W/dt  (3) 

Here  is  the  body  force  per  unit  mass,  are  components  of  velocity 
vector  and  0^  is  the  Cauchy  stress  tensor.  Recall  that  the  Cauchy 
stress  is  defined  on  the  current  surface  referring  to  the  spatial 
coordinates 

0 Energy  equation:  The  law  of  conservation  of  energy  (the  first 
law  of  thermodynamics)  leads  to 

j>de/jt  - aij  iij  *(J>r-  fy/axt)  (*> 

where  Cis  specific  internal  energy  per  unit  mass,  and 

iij  = i(3V{/sXj  + 3x/j/3Xi)  (5) 

is  the  rate  of  deformation  (strain  rate)  tensor,  and  rand  £;are  internal 
heat  generation  and  heat  flux,  respectively. 

° Equation  of  state:  The  pressure  P is  related  to  the  internal 
energy  Cand  the  density  j>  through  an  equation  of  state 

p = P(e.f)  (6) 

Here,  the  Mie-Gruneisen  equation  is  adopteo 

P=  Pv  * (7) 

Pv  - Kx ./*  Aj  ul)( >-rf/z)  (8) 
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where 


in  which  ? , Kiare  material 

and  r is  the  Grureisen  number. 


constants 


Additional  relations  will  be  introduced  later  as  needed. 


MECHANICS  OF  A TETRAHEDRON  ELEMENT 


Consider  the  motion  of  a tetrahedron  shown  in  Fig.  1. 


t=o 


Fiq . 1 Motion  of  a Tetrahedron  Element 


Displacement  and  velocity  (*)  within  an  element  are  given  as  linear 
function  of  the  original  coordinates 

Un  CS.t)  = jOfl  ♦ fimid)  Xi  ( 

l rm(S,t)  = + *mi(*)X< 


ICJ] 


We  continue  to  use  the  same  symbols  for  approximations  to  avoid 
complicated  notation. 
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n 


so  that  1 
of  motion  is 


cCmi  = p 


and  the  Lagrangian  description 


OCm.  (£  tt)  *=  Xm  + ILniCXft) 


(10) 


In  equation  (9),  for  nt « /^3, 

/>$.  = a?  U* /GK„  , /W=4:</6K 

J9«,  = C2  /£  f£  . =</'<  /<=% 

and  «tj  are  defined  similarly  with  replaced  by  the  nodal  velocity 
vector  isSl  in  which  N=W  is  the  element  node  number,  tt^is  the 
component  of  displacement  at  node  N, 
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In  view  of  (9)  and  (10),  the  relation  (2)  can  be  written  as 

F ml  *=•  Smi  + 

and  the  strain  rate  (5)  can  be  found,  by  using  the  chain  rule,  as 

£*j  ~ 2 (°^ik  + otjh  p *)  (14) 

where  F**  - (Fiia)  . 

Component  of  the  resultant  force  acting  on  the  face  opposite  to  N 
node  can  be  found  to  be  (see  Fig.  2) 


th 


= Kj 

= -i( b"+  o'n  C“*  (Ti3 d") 


(15) 
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where  the  geometric  constants  bn,  cn,  and  dn  are  similarly  defines  as 
in  (12)  except  that  the  original  nodal  positions  are  replaced  by  the 
current  nodal  coordinates  . Once  element  stresses  are  computed, 

the  resultant  nodal  forces  can  be  obtained  with  the  aid  of  (15).  The 
equivalent  resultant  nodal  force  in  (15)  will  be  equally  distributed 
over  the  corner  nodes  K,  M,  and  L (see  Fig.  2)  of  the  surface  S(p). 

Forces  on  other  faces  are  computed  in  the  similar  manner 


Fig.  2 Portion  of  an  element  as  the  Cauchy-Tetrahedron 

When  basic  mechanics  of  an  element  are  laid  out,  the  rest  follows 
from  the  governing  equations  stated  in  (1)  (8). 


ALGORITHM 


It  is  often  convenient  to  express  the  stress  and  strain  rate  in 
normal  and  deviatoric  components,  viz, 


s $ij  - Cp  + Q)Slj 
£ij  « 6ij  + Z £v  Sij  O7) 


where  P is  the  hydrostatic  pressure,  Q is  the  artificial 
can  be  computed  by 

_ ( Ctpcs-Mgvl  +C«j>*aUv) 

W a < 
v o 


viscosity  which 

H iv<°  (18) 

S M* 
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# C i c 

and  £y  = £ii  "♦  *»»  + **3  is  the  volumetric  strain 

rate,  and  §ij  is  the  Kronecher  delta.  In  (18),  C|_  and  Cq  are  material 
constant,  ix  is  the  minimum  altitude  of  the  tetrahedron  and  C is  the 
sound  speed  which  can  be  computed  by 

ci  - & [ K,(  i-rTO  + K2(2^-i.sr/‘‘)  + K3(3jul-ir/) 

+ r/fiy)  Pvl  4 r<itr)e  m 

which  can  be  obtained  by  taking  a derivative  of  (7)  with  respect  to  the 
current  density  J*  . 

Through  the  time  step  trial  stresses  are  approximated  by 

Sij*  s Scj  + 2G  (20) 


where  G is  the  shear  modulus  and 


V 


l s/<r 


s<cr 


(21) 


In  (21),  5 is  the  tensile  strength  of  the  material  and 

the  equivalent  equivalent  stress  defined  by 


f - C t s*| 


is 


(22) 


Relations  (20)  (22)  stem  from  the  Von-Mises  yield  criterion. 

The  energy  equation  (4)  can  be  put  into  the  central  difference  form 

c !♦  r£v4t)  = [ CVSy  ey -VRA)**** 

+fv Syey  -vp„s,  -QV£y  -r/.v.e  £»)*  <23> 

-Q VVW****]  + £«* 
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r, 


with  the  aids  of  (1),  (16)  and  (17).  The  difference  form  (23) 

can  be  linearized  if  we  assume  that  V,  p and  are  constant  within 

the  time  step  4t,  viz,  J 

et+*t  (2  + r£v4t) 

= ^T[*y  sT*+  s;- ) - UzK+ta  + Q*f] 

4 2e* 

(24) 

which  is  readily  solvable. 

The  rest  of  algorithms  remains  the  same  as  in  [4]  including  the 
determination  of  the  next  time  step  t and  mechanism  of  sliding  surfaces 
A brief  calculational  loop  is  shown  in  Fig.  3. 


REPRESENT  GEOMETRY 


WITH  ELEMENTS 


LUMP  MASS 


AT  NODES 


STRAINS  & 


STRAIN  RATES 


D I SPU  CEMENTS 
& VELOCITIES 


STRESSES 


EQUATIONS 
OF  MOTION 


NODAL 

ACCELERATIONS 


INITIAL  CONDITION 


3 Calculation  loop  (after  Johnson  [4]) 


The  fnnal  form  of  the  equations  of  motions  are  expressed  at  a node 
N for  l component, 


Fry  Mr 


(25) 


IM) 

where  F i is  the  equivalent  force  at  node  N computed  by  using  (15) 

and  Mf°  is  the  lumped  mass  at  N in  i -direction. 


CONCLUDING  REMARKS 


The  equations  developed  herein  are  consistent  with  the  theory  of 
continuum  mechanics  and  finite  element  method.  Thereby,  they  should 
improve  the  results  of  EPIC-3  code.  It  is  regrettable  that  no  computa- 
tional comparisons  can  be  made  in  this  report  due  to  the  lack  of  time. 

It  is  hoped  that  a detailed  separate  report  including  computational 
results  would  be  made  in  the  near  future  to  the  AFATL/DLJW. 

Some  of  the  important  issues  such  as  more  realistic  failure  mechanism 
of  an  element  and  more  rigorous  treatment  of  sliding  surfaces  are  not 
touched  upon  during  the  ten-weeks  of  research  program,  which  should  be 
challenging  and  important  areas  of  future  research.  An  economical  rezoning 
capability  is  also  in  order. 
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ON-LINE  SPECTRAL  ESTIMATION  VIA 
MAXIMUM  ENTROPY  PROCESSING 
by 

C.  W.  Sanders 
ABSTRACT 

A careful  integration  of  continuing  developments  in  the  separate 
technology  areas  of  analog  and  digital  hardware  should,  in  the  near 
future,  provide  the  capability  for  on-line  implementation  of  a number 
of  appropriately  structured  signal  processing  algorithms.  This  report 
and  a more  detailed  supplement  [8}  suggests  a hybrid  structure  for 
implementing  an  on-line  spectral  estimator  based  on  the  maximum 
entropy  algorithm.  After  a brief  introduction  to  this  method  it  is 
noted  that  although  the  algorithm  presents  a considerable  computational 
requirement,  its  structure  should  admit  an  implementation  via  hybrid 
special-purpose  hardware  wherein  charge-coupled  devices  are  organized 
around  a microprocessor  host.  Suggestions  for  further  research  in  this 
area  are  also  given. 


12-2 


ACKNOWLEDGEMENT 


The  author  would  like  to  thank  the  Air  Force  Systems  Command, 

Air  Force  Office  of  Scientific  Research,  and  the  American  Society 
of  Engineering  Education  for  providing  him  the  opportunity  to  spend 
a most  worthwhile  and  interesting  summer  at  Eglin  Air  Force  Base. 
Special  acknowledgement  is  also  due  to  the  Engineering  Extension 
Division  of  Auburn  University  and  especially  Mr.  0.  Fred  O'Brien 
for  a well-organized  program  and  for  many  informative  discussions. 

Finally,  he  would  like  to  thank  Mr.  Heyward  Strong  and  Dr.  Doyle 
Dingus  of  the  Directorate  of  System  Concepts  for  numerous  helpful 
discussions  and  guidance  and  for  providing  a working  atmosphere 
which  enabled  the  author  to  expand  his  horizons  considerably  in  the 
area  of  advanced  concepts  for  Air  Force  systems. 


L - 


12-3 


- — I I m ■ 


I.  INTRODUCTION: 


The  problem  addressed  in  this  project  is  motivated  by  two  aspects 
of  Air  Force  command/control  systems:  (1)  the  signalling  environments 
in  which  significant  numbers  of  these  systems  must  function  are  increas- 
ingly cluttered  with  numerous  sources  of  interference,  both  intentional 
and  otherwise,  and  (2)  sensor  performance)  while  adequate  for  the  case 
of  single  isolated  target  sources,  is  often  considerably  degraded  by  the 
presence  of  multiple  target  sources.  More  specifically,  since  pulsed 
radar-like  sources  can  be  effectively  discriminated  via  their  pulse- 
repetition  frequencies  (PRF),  the  motivation  for  this  project  centers 
primarily  around  the  problem  of  discriminating  between  continuous-wave 
(CW)  sources  wherein  no  PRF  information  exists. 

Terminal  guidance  of  air-to-ground  missiles  via  bearing  signals 

» ij 

obtained  from  interferometer  (phase  comparison  monopulse)  based  estima- 
tion procedures  provides  an  excellent  example  of  such  problems.  In  this 
situation  multiple-emitters  within  the  relatively  wide  field-of-view  (FOV) 
of  the  sensor  will  provide  a phase  null  bearing  estimate  which  lies  at 
an  appropriately  defined  centroid  of  the  emitter  placement  geometry  with 
the  location  of  this  centroid  depending  on  the  relative  emitter  signal 
strengths  and  phases.  Furthermore,  wandering  of  this  centroid  and 
consequent  hunting  of  the  terminal  guidance  control  system  can  be  caused 
by  very  slight  differences  in  the  emitter  frequencies  and/or  by  intentional 
emitter  "blinking"  at  blink  rates  which  are  low  enough  to  be  followed 
by  the  control  system. 

Typically,  in  the  phase  comparison  monopulse,  bearing  estimates  are 
obtained  from  quadrature  and  in-phase  components  of  the  incoming  signals. 

12-4 





Considering  only  the  case  of  azimuth  information  these  components  form  a 
four-channel  process  each  component  of  which  contains  a downshifted  ver- 
sion of  each  emitter  frequency.  As  indicated  in  the  previous  paragraph, 
the  straightforward  processing  of  this  four-channel  data  will  lead  to 
estimation  errors  and  possible  control  system  oscillation.  This  project 
is  motivated  by  the  idea  of  utilizing  the  small  frequency  differences 
between  the  emitters  to  effectively  separate  these  sources  into  those 
which  are  within  the  reachable  set  of  the  missile  and  those  which  are 
outside  of  this  set.  Thus,  it  is  envisioned  that  if  such  an  on-line 
spectral  estimation  capability  can  be  developed  then  it  should  be  possible 
to  utilize  emitter  signatures  to  achieve  the  capability  of  tracking 
designated  targets  even  in  the  presence  of  multiple  sources  of  emission. 

It  should  be  noted  that  some  technology  has  already  been  developed 
to  perform  spectral  analysis  of  noise  corrupted  signals  of  known 
structure  - e.g.,  matched  filtering  and  spread  spectrum  techniques 
using  charge-coupled  device  (CCD)  correlators.^  In  addition,  some 
spectral  estimation  algorithms  have  been  recently  developed  which  are 
capable  of  providing  very  high  resolution  spectra  but  for  which  com- 
pletely digital  implementations  require  large-scale  computational 
2-7 

resources. 

The  proposed  signal  discrimination  process  which  is  studied  in 

this  project  is  based  on  the  maximum  entropy  method  (MEM)  introduced 
2-3 

by  Burg  for  spectral  analysis  of  geophysical  signals.  Briefly, 
this  method  estimates  optimal  autoregressive  model  parameters  for  the 
signal  process  from  on-line  process  measurements.  Data  windowing 
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problems  which  tend  to  degrade  the  spectral  resolution  are  minimized 

in  MEM  processing  by  optimizing  only  over  the  available  data  and  by 

being  maximally  noncommittal,  in  the  information-theoretic  entropy 

sense,  regarding  the  non-available  data.  While  this  method  was 

originally  restricted  to  single  channel  processes  it  has  very  recently 

4-7 

been  extended  to  the  multi-channel  case  by  several  workers. 

Although  MEM  is  a highly  structured  algorithm  it  requires  many 
convolution-like  computations  and  thus  many  multiplications.  It  is 
therefore  somewhat  doubtful  that  this  algorithm  could  be  implemented  with 
sufficient  computational  speed  and  bandwidth  for  an  on-board  weapon 
delivery  system  via  microprocessors  with  a strictly  digital  approach. 
However,  preliminary  investigation  indicates  that  it  should  be  possible 
to  organize  the  relevant  MEM  computational  requirements  (i.e.,  Levinson- 
Durbin  recursions,  and  correlations)  around  CCD  based  shift  registers 
which  are  under  the  control  of  a microprocessor  control  unit.  Such  an 
organizational  structure  utilizes  the  analog  and  digital  units  in  the 
roles  for  which  they  are  best  suited;  analog  parallel  multiplication  and 
summation  via  the  CCD's  and  sequence  control  and  some  small-scale  compu- 
tations via  the  microprocessor. 


i 


j 


. 
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II.  OBJECTIVES: 


The  objectives  of  this  project  were: 

(1)  To  survey  and  categorize  the  research  literature  in  the 
area  of  maximum  entropy  spectral  estimation  and  its  applications. 

(2)  To  develop  a unified  review/tutorial  description  of  the 
maximum  entropy  algorithm  for  use  by  division  personnel  in  objectively 
assessing  and  monitoring  research  in  this  area. 

(3)  To  ascertain  the  computational  requirements  of  the  MEM 
to  determine  its  applicability  to  on-board  air-to-ground  missile 
weapon  delivery  systems. 

(4)  To  determine  whether  there  exist  special-purpose  hybrid 
implementations  of  the  MEM  algorithm  which  could  be  used  in  air-to- 
ground  applications. 

Due  to  space  limitations,  this  report  focuses  exclusively  on  the 
latter  two  objectives  while  work  on  the  first  two  objectives  is  being 

O 

furnished  as  a separate  report. 

III.  PHASE  COMPARISON  MONOPULSE: 

One  of  several  potential  application  areas  for  high-resolution 
spectral  estimates  is  illustrated  by  the  effect  of  multiple-emitters 
on  the  performance  of  a phase  comparison  monopulse.  This  technique 
is  a well-known  method  for  using  the  phase  information  contained  in 
two  time-displaced  versions  of  a CW  signal  to  estimate  the  direction 
to  an  emitter.  Consider,  for  example,  the  single  emitter  geometry 
shown  in  Figure  1. 


{ 

i 


d/%  d/l 


FIGURE  1 - PHASE  COMPARISON  MONOPULSE  GEOMETRY 
The  phase  difference  between  signals  S^  and  is  easily  shown  to  be 

A S/rt  6 (i ) 

from  which  it  follows  that 


wherein  X is  the  wavelength  of  the  emitted  signal  and  d is  the 
separation  between  the  receiving  elements. 


1 


From  the  above  results,  it  follows  that  if  can  be  estimated 
then  an  estimate  of  the  direction,  0 , can  be  formed  from  (2). 

One  system  for  estimating  A<£  from  S-j  and  S2  creates  in-phase  and 
quadrature  components  of  S-|  and  S2  and  then  computes  A4>  as  shown  in 
Figure  2. 

Since  A4=  O implies  0 = 0, 

An 

The  signal  0 computed  from  (2)  with  A^  replaced  by  its 

/S 

estimate,  , can  be  used  to  driv®  a control  loop  to  steer  the 

antenna  toward  the  emitter.  Thus,  the  control  law  looks  for  a phase 

An 

null  where  Q “ 0 . 

While  the  method  described  above  works  adequately  for  the  case  of 
a single  emitter,  there  are  some  potential  problems  when  multiple 
emitters  are  in  the  field-of-view  of  the  antenna.  For  example,  for 
the  multiple-emitter  geometry  shown  in  Figure  3 and  the  phase  detector 
of  Figure  2 it  is  easily  shown  that  the  phase  null  condition  is  given  by 
G,  sin(A<£)  + + A,  Ax  j ({)  sO  (3) 

wherein 

G1  = 2A^  + A]A2 
G2  = 2A2  + A-j  A2 

A - K-  S/n  Qf 

g(t)  contains  frequency  components  + (f2  - f ^ ) , +2  (f2  - f ^ ) , 

2fQ  - (f1  + f2),  2 ( f ^ - f Q ) , and  2 (f2  - fQ),  and  is  also  a function 
of  the  RF  phases  0C-| , o(2.  The  above  result  indicates  the  potential 
problems  of  phase  null  bias  (in  case  f-j  = f2)  and  phase  null  "hunting" 
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FIGURE  2 - PHASE  DETECTOR 
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FIGURE  3 - MULTIPLE  EMITTER  GEOMETRY 
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in  case  the  frequencies  in  g(t)  are  low  enough  to  be  followed  by  the 
control  loop  and  associated  system  dynamics.  Another  significant 
source  of  phase  null  hunting  may  be  caused  by  blinking  wherein  over 
certain  time  periods  which  are  sufficiently  long  in  relation  to  the 
system  dynamics  the  emitters  are  cycled  on  and  off. 

In  the  situation  described  above  an  on-board  near  real-time 
high-resolution  spectral  estimation  capability  could  play  an  important 
role  by  allowing  the  detection  of  two  or  more  nearly  equal  spectral 
lines.  The  integration  of  this  capability  with  some  appropriate  logic* 
might  then  allow  a missile  to  track  a single  designated  emitter. 

IV.  SPECTRAL  ESTIMATORS 

Some  general  considerations  which  must  be  addressed  regardless  of 
the  particular  processing  algorithm  via  which  a spectral  estimator  is 
to  be  implemented  are:  (1)  sampling  rate  ( /T  ) , (2)  number  of  samples 
available  (M),  and,  if  the  processing  is  done  digitally,  (c)  computer 
word  length.  Specific  considerations  which  are  algorithm  dependent  are, 
for  example:  (1)  how  the  nonavailable  data  is  to  be  treated— classical 
windowing  techniques  allow  the  data  to  be  smoothly  truncated  whereas 
techniques  based  on  the  discrete  Fourier  transform  assume  that  the 
data  is  periodic,  (2)  if  the  algorithm  involves  on-line  modelling  of 
the  data  then  a decision  as  to  the  number  of  model  parameters  and  how 
they  are  to  be  computed  must  be  made. 

Regarding  the  general  considerations  suppose  that  it  is  desired 
to  generate  spectral  estimates  over  the  frequency  range  fmaxJ  . 

* It  should  be  noted  that  the  creation  of  decision  algorithms  which 
utilize  this  spectral  information  forms  another  important  area  of  basic 
research. 
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In  order  to  avoid  aliasing  problems  it  is  necessary  to  sample  with  * 

f = Vt  ^ 2 f .In  addition,  in  order  to  reduce  the  sensitivity 
s s max 

of  the  spectral  estimates  to  the  phase  of  the  signal,  it  is  necessary 
to  have  a record  length  which  is  at  least  several  (2  or  3)  cycles  long 
(e.g.,  see  [8]  ).  From  the  above  two  considerations  it  follows  that 
the  storage  factor  M must  satisfy  M ^ CP  wherein 

f = Cf  v (C^  2)  and  the  record  length  MT  = P/f  . (P  ^ 2). 

S maX  s mi n 

Classical  Fourier  spectral  analysis  usually  extends  the  data  beyond 
the  window  by  truncation.  Although  considerable  emphasis  is  placed  on 
different  window  functions  which  allow  the  data  to  be  truncated 


"gracefully,"  these  assumptions  about  the  non-available  data  can  degrade 
the  resolution  by  spreading  each  spectral  line  into  a band  of  frequencies. 

g 

Burg  and  Parzen  have  suggested  the  use  of  autoregresr  ve  process 
models  as  a means  of  minimizing  the  loss  in  resolution  due  to  finite 
data  records.  In  this  technique  the  process  to  be  analyzed  is  modeled 
via  an  autoregressive  process  of  the  form 

i(t)  = \ Z(t_k)  (4) 

■k 

wherein  N is  the  order  of  the  model  and  the  CL ^ are  the  model 
parameters . From  this  model  the  spectrum  is  estimated  via 


Sif)  = 


In  the  maximum  entropy  method  one  computes  the  model  parameters  by 


determining  the  model  of  a given  order  that  best  fits  the  available 
data  in  the  least  squares  sense.  It  can  be  shown1^1  that  (assuming 


a Gaussian  process)  this  procedure  is  equivalent  to  extrapolating 
the  autocorrelation  function  of  the  process  from  given  values  in  such 

*the  frequency  fmax  is  the  maximum  deviation  of  emitter  frequency 

from  f and  similarly  for  f . . 
o J min 
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a way  that  the  entropy  of  the  random  vector  representing  the  process 
is  maximized.  In  this  sense  the  method  is  maximally  non-committal 
regarding  the  nonavai Table  data. 

The  primary  contribution  of  Burg  and  probably  the  most  important 
aspect  of  the  MEM  is  that  the  parameters  can  be  estimated  directly 
using  only  the  available  data  and  without  the  conventional  inter- 
mediate step  of  estimating  the  autocorrelation  function  of  the  process. 

Furthermore,  although  the  method  is  computationally  rather  lengthy 

it  can  be  conveniently  structured  around  a recursive  procedure  based 
1112  13 

on  refinements  ’ of  early  work  of  Levinson  in  Weiner  filtering. 

In  fact,  the  computations  involved  have  a convolution  or  inner  product 
type  of  structure  and  in  addition  allow  one  to  determine  the  optimal 
AR  model  of  order  N+l  from  the  one  of  order  N.  Although  there  are  some 
anomalies^4  (especially  for  short  data  records),  one  typically  obtains 
better  models  (improved  resolution)  as  the  order  is  increased  until 
(if  the  process  is  truly  autoregressive)  all  of  the  correlation 
information  has  been  removed  leaving  only  a noise  process  as  remainder. 

V.  RECOMMENDATIONS: 

The  maximum  entropy  method  is  capable  of  producing  high  resolution 
spectral  estimates  but  requires  a considerable  computational  capability 
involving  many  convolution-like  operations.  It  is  unlikely  that  a 
strictly  digital  approach  will  allow  its  implementation  as  an  on-board 
element  in  guided  weapons.  However,  given  the  fact  that  the  MEM  algorithm 
is  highly  structured  with  convolution-like  operations  and  the  fact  that 
CCD's  have  been  successfully  utilized  to  implement  the  discrete  Fourier 
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transform  method  of  spectral  analysis,  it  would  appear  that  the  use  of 
CCD's  as  basic  building  blocks  for  MEM  spectral  processors  is  a promising 
area  for  research.  In  addition  to  the  question  of  processor  organization 
some  basic  questions  for  this  research  would  include:  The  effects  of 
transfer  inefficiencies,  tap  weight  errors,  shot  and  surface  noise 
and  of  nonlinearities  on  the  performance  of  the  MEM  algorithm. 
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This  report  contains  a discussion  of  an  application  of 
stochastic  control  theory  to  the  control  of  a weapon  vehicle 
containing  munitions  to  be  deployed  against  an  enemy  target. 

An  overall  system  model  containing  a vehicle  model,  a 
disturbance  model,  and  a measurement  model  is  developed  and 
converted  to  an  equivalent  discrete-time  model.  A control 
system  containing  a one-step  Kalman  predictor  and  a set  of 
control  gains  is  proposed.  The  control  system  structure  is 
discussed  and  algorithms  for  calculation  of  the  control  and 
filter  gains  are  given. 
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INTRODUCTION  AND  OBJECTIVES 
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The  research  effort  described  here  is  carried  out  within  the  Air  Force 
MTI  Radar  Surveillance  Strike  System  (MRS  ) program.  The  objective  of  the 

*3 

MRSJ  program  is  to  demonstrate  the  feasibility  of  automatic  detection, 
tracking,  and  striking  of  moving  ground  targets  in  real  time.  This  objec- 
tive requires  the  development  of  radar  and  radar  signal  processing  for 
both  weapon  and  target  tracking,  weapon  system  navigation/guidance  control 
laws,  data  links,  jam  resistance  and  low  probability  of  intercept  features, 
and  necessary  data  processing. 

The  overall  acquisition/track/strike  system  would  include  target  track- 
ing, guidance  of  a launch  vehicle  to  a launch  position,  and  post-launch 
tracking  and  control  of  the  weapon  until  strike.  Various  system  configura- 
tions are  under  consideration,  involving  different  tracking  schemes  and 
different  weapon  systems.  Tracking  of  both  weapon  and  target  using  range 
measurements  from  two  airborne  radar  platforms  and  tracking  using  range/ 
angle  measurements  from  a single  platform  are  being  evaluated.  Also  being 
evaluated  are  weapon  vehicles  that  fly  basically  different  trajectories, 
including  high  altitude  approach  with  pitchover  to  a near- vertical  final 
approach  and  a gli deslope  approach  from  launch  to  target. 

This  research  effort  involves  an  application  of  stochastic  control 
theory  to  the  design  of  a control  system  for  a weapon  vehicle  flying  a 
glideslope  from  a launch  point  to  a strike  point.  The  control  problem  is 
posed  as  a regulator  problem  and  the  control  system  is  designed  to  keep 
the  vehicle  near  the  glideslope. 


The  control  system  design  requires  the  development  of  an  overall  system 
model,  including  a vehicle  model,  a disturbance  model,  and  a measurement 
model.  The  modeling  section  of  this  report  consists  of  a brief  summary  of 
the  development  of  these  models. 

The  section  on  control  system  development  deals  with  the  design  of  a 
digital  compensator  based  on  an  application  of  stochastic  optimal  control 
theory.  The  compensator  is  made  up  of  a discrete  one-step  Kalman  predictor, 

I 

used  to  obtain  estimates  of  the  vehicle  and  disturbance  states,  and  a set 
of  control  gains,  used  with  the  above  estimates  to  obtain  actuator  commands. 

The  report  concludes  with  a description  of  current  activity  and  recom- 
mendations  for  continued  work. 

! 


MODEL  DEVELOPMENT 


• r 


In  this  section,  vehicle,  disturband,  and  measurement  models  are 
developed. 

The  Vehicle  Model 

The  vehicle  is  modeled  using  a perturbation  model  about  a desired  glide- 
slope.  The  nonlinear  equations  of  motion  are  written  and  linearized  about 
the  desired  equilibrium.  The  details  are  outlined  below.  The  notation  used 
here  follows  Etkin  [1].  It  is  assumed  that  the  Earth  is  an  inertial  system 
and  is  locally  flat. 

Let  V denote  the  mass  center  velocity  with  respect  to  the  atmosphere  and 
let  W = Ws  + Wg  denote  the  wind  velocity  with  respect  to  the  Earth,  where 
Ws  and  Wg  are  steady  wind  and  gust  terms,  respectively.  The  = V + W s + W g 
is  the  inertial  velocity  of  the  mass  center. 

The  force  equation  in  the  body  axis  reference  frame  is 

( ir  yeB  +■  ) 

where  f is  the  external  force,  G8is  the  body-axis  angular  velocity,  and  the 
subscript  B refers  to  the  body  axes. 

In  order  to  use  airspeed  V,  angle  of  attack  oc,  and  sideslip  angle  P as 
state  variables,  V3  is  expressed  as  LBWVW  and  WSB  as  LBVWSV,  where  Lbw  trans- 
forms wind-axis  components  into  body-axis  components  and  Lgy  transforms  verti- 
cal-axis components  into  body-axis  components  [i].  Then 

■fa  = ( it  (Lb*  V*/)  -h  u>B&  x LbwVw  + ji 

+•  ^a*  ) (1) 
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The  external  force  is  expressed  as  fg  = Ag  + mgg,  where  Ag  is  the  aero- 
dynamic force  and  mgB  the  gravity  force.  Ag  is  given  in  terms  of  the  lift 
L,  si  deforce  Y,  and  drag  D:  A&  ~ t--0  ^ J • 

Under  suitable  assumptions  (see  [1]),  the  moment  equation  in  the  body 
axes  is  + x = -^i#5***  (2) 

where  Gg  is  the  external  moment  and  ¥g  = I Q8g  is  the  angular  momentum,  with 
I denoting  the  body  axes  moments  of  inertia. 

In  addition  to  the  six  degrees  of  freedom  described  in  (1)  and  (2),  the 

basic  nonlinear  model  consists  of  the  kinematic  constraints  relating  body  axes 

— .B 

Euler  angle  rates  to  td  g = [p  q r]: 


& = 

p + JiK*.  e -h  r c*o0  6 

(3.1) 

• 

e = 

£w ft 

(3.2) 

i'  = 

( £ + r ctraqb ) /ioc  9 

(3.3) 

As  indicated  in  the  discussion  of  the  measurement  model,  relative  grid 
radar  measurements  will  provide  weapon  vehicle  position  with  respect  to  the 
target.  Hence,  the  vehicle  model  should  include  velocity  with  respect  to  the 
target.  To  do  this,  target  velocity  with  respect  to  the  Earth  is  subtracted 
from  vehicle  velocity  with  respect  to  the  Earth. 

Let  T^y  denote  target  velocity.  Then  the  vehicle  velocity  with  respect 
to  a reference  frame  translating  with  the  target  is  - T^y,  where  the  sub- 
script V denotes  a vertical  reference  frame.  Expressing  VEy  as  airspeed  plus 
wind  speed, 

Vrv  = -h  Lv&  - (4) 

The  three  components  of  V^y  are  downrange  velocity  xr,  crossrange  velocity  yr, 

and  vertical  velocity  zg. 


in  order  tn  keep  the  project,  to  a reasonable  sire,  only  the  longitudinal 
control  systen  was  considered.  Hero)  the  nonlinear  model  consisted  of  the 
dreg  and  lift  components  o (1).  the  p*  r.ch  rate  c -wooer-.  of  (2),  equation 
•.j.l),  a.i  i ’he  dawn  range  i;vi  vj  r,ii  f onponei  • /•).  ;.*cdi!  c.*r  r>± 

riwra sentad  a<  a single  nonlinear  -.efc  .•  equation  X ••  f(.<- J,f  ,9.*,  wne^e 
X * i.V  -<  ^ 3 *r  Jg  J is  t..e  state  vector,  iJ  '\z=  e’e/atc'-:  is 

toe  control  vector,  and  J - t ,J%  fj  wsx  <-J'  is  the  di sturbence  vector, 
woe  re  ug,  wg,  and  qg  rre  cust  :rfrpt  nents , WSx  is  the  X-di  lection  steady  wine, 
and  Xj  is  the  X-direction  target,  orsition. 

Tho  perturbation  mrd>  : rs'  of  the  f?  "••nisr  terms  *'r  a Tayor 
fes  a '-cans:  on  of  the  o i ' i •<?»•  » ,a;*on  ic-cur  . g.ideslona  eoui  1’ b.-i  jo.. 

Hie  equi  i s cr  um  is  determined  \i>  da  r a zero  oi  stui'na.o.;e  condition.  Using 

x = [-W  U <f  f <T«?  £xr  J{r  j' 

- = [4] 

U = * ~ Lu5  ^ h */ 

as  perturbation  state,  control,  and  disturbance  •p-'s,  respectively,  tie 
or rturcatioi  rodel  in  us„r.l  st.-.ta-vciri  able  norm  ‘j 

< =i  4 k b l i:  r X>0,  /j  — iii 


As  seen  above,  tne  disturbance  vector  consists  of  gust  velocities,  a 
steady-wind  component,  and  the  X-di recti ur  target  position.  The  gust  veloci- 
ties are  modeled  using  the  Dryden  spectra  ird  are  oroducad  for  simuiafon  and 
filter  design  purposes  by  a linear  system  processing  white  no^se.  As  an 
example  of  the  linear  system  design,  consfde-  the  gust  velocity  ua,  normalized 
by  tne  equilibrium  airspeed  Ve.  The  power  density  spectrjm  of  the  normalized 


u_,  is  [2] 
3 


-‘ic.  1 


I 


wnere  <Tj  is  the  rms  gust  velocity  in  ft/sec.  ’s  a turbulence  scale  factor 
in  feet,  and  ^ is  the  frequency  variable  ’ n rad/sec. 

Mow,  if  a linear  system  with  transfer  function 


H(ju)  ~ ~77  ■ c* 

4 / r-  im 


V£  . Yr 


+ u * 


is  subjected  tc  a white  noise  input  with  variance  - 1 -w  ^7/  Va  ^ 

the  output  is  a random  process  w'th  tne  spectrum  (>»)  l-5}.  A system  wirh 

» 

the  required  transfer  functior  is  described  in  state-  vari  able  fo^n  by 
at  - u 
/«,  — 

* ^ 

where  'fi  is  a mean  zero  white  no’se  process  with  variance  , d1 

is  a state  van  able,  and  y^  isthe  output  having  tne  required  soectrum.  The 
remaining  gust  velocities  are  Generate j in  a similar  manner. 

The  staacy-wird  is  modeled  as  - T3  «nd  = d5 , wnere  j~  is  normal, 
mean  zero,  with  small  variance. 
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Putting  together  the  gust  equations,  the  steady-wind  equation,  and  the 


target  motion  equations  yields  a disturbance  model  of  the  form 

d = /4«(  d +■  8^  f 

y<  = cm 


(6) 


where  d is  the  disturbance  state  vector,  Jis  white  noise,  and  Yd  is  the  dis- 
turbance vector  used  in  the  perturbation  model  (5). 


The  Measurement  Model 


i 


For  control  purposes,  it  is  assumed  that  several  on-board  sensor  readings 
are  available,  as  well  as  relative  grid  radar  data.  On-board  sensors  include 
airspeed  indicator  (V),  an gle-of- attack  indicator  (<X),  pitch  and  pitch  rate 
gyros  (0,^),  body-mounted  accelerometers  (xg.  Zg),  and  altimeter  (hw*  -ze). 

It  is  assumed  that  a single  airborne  radar  platform  provides  range-to-weapon 
(RyJ.  range-to-target  (RT),  and  relative  angle  between  the  two  {&m). 

The  total  measurements  above  are  processed  into  incremental  measurements 
to  provide  inputs  for  the  Kalman  filter.  The  filter  input  vector  is 

y=t<fv  U st  ge  Sje  S£u  j 

Essentially,  the  incremental  measurements  are  computed  by  subtracting  equil- 
ibrium values  from  the  total  measurements.  For  example,  yt  = <f V - ^ -Ve} 

• B 

where  V = airspeed  indicator  reading  and  Ve  = equilibrium  airspeed. 

For  purposes  of  the  longitudinal  control  system  design,  Xr  is  treated 
as  the  ground  distance  between  weapon  and  target.  It  is  calculated  from 
RW,  Rj,  0WT,  and  Hw  as  follows: 

Xr  — VZ  ■+■  ~ 2 R t r hmf 

i 

In  order  to  compute  JJwand  let  hQ  and  XQ  be  initial  altitude  and 
down  range  position,  respectively.  Then  the  equilibrium  altitude  at  time  t 
is  h 0-h(Ye*i~f€H  and  the  equilibrium  downrange  position  is  X0  +(Vec*°*e)  t » 
where  feis  the  equilibrium  flight  path  angle. 

For  filter  design  purposes,  V is  expressed  as  a combination  of  the  per- 
turbation vehicle  and  disturbance  state  vectors: 

y = £ [t]  + ^ <7> 


X 


Control  System  Development 

As  indicated  in  the  introduction,  the  control  system  consists  of  a Kalman 
one-step  predictor  and  a set  of  control  gains.  This  section  contains  an  out- 
line of  the  design  approach. 

From  the  previous  section,  equations  (5),  (6),  and  (7)  give  the  overall 


system  model : 

x = A x t Bu  + &oi  y<j  -h  A>2  y^ 


2 = Ajd  + Buf  I 


i=  c (r]  f ^ 


(5) 


(6) 


(7) 


Eliminating  Yd  and  Yd  from  the  first  equation  gives 

X = A * + B “ + d A / 


4 = Aa  J + T 

y = 


(8.1) 

(8.2) 

(8.3) 


where  DQ  = Cd  + Cd  Ad  and  0]  = Do2CdBd. 

A continuous-time  regulator  problem  involves  minimizing  a cost  function 
of  the  form 


if 


(9) 


For  a discrete-time  control  system,  equations  (8)  and  (9)  are  transformed 
to  equivalent  discrete-time  equations.  The  discrete-time  equivalent  of  (8) 
is  obtained  by  integrating  (8)  over  each  sample  period.  Assuming  u is  held 
constant  over  each  sample  period,  equation  (8)  becomes  [4] 
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(10) 


x*,,  = 4>  + rt  uk  + rt  4 + f* 

Ju,  = <fe  \ + 1* 

A - C ttJ+>i 

where 

r$jfi 

.0‘,4>J 

r;  = ( ) b 


The  discrete-time  equivalent  of  (9)  is  obtained  by  writing  the  integral  as 
a sum  of  integrals  over  each  of  the  sample  periods.  Assuming  Q and  R are  con- 
stants, J is  given  by  [4] 

•r  = terZ  a^,  + a*  « ^ *«*'  * | 0,  i 


where 


and 


A - fT  A*  ,, 

Q = J e c?  e Jd 

Pi  = S^e^Q  ( • 6 

R = RT  Jt- & 

N=  S^^Q(sJeAtt^^eAdJJs)Jt 


The  control  that  minimizes  (11)  subject  to  (10)  is  given  by  [4] 

uk  = " Hk  xk  - 5k 
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A A 

where  Xk  and  dj.  are  one-step  predicted  least-squares  estimates  of  Xk  and  dfc , and 
where  Hk  and  Hdk  are  calculated  as  follows: 


Hk  = - & 


k ) 

= * + n'pkrt 


Hjk  ~ %L  bjk 


i = n'pk<t> , G-dk = + 

= 4>'Pk0  + 6 - Gc'k  Hk  , P„  = 3 

A;-.  = (4>-^6;'A  $ rz)  j a,=/0 


Since  the  system  and  cost  function  matrices  are  constant,  a suboptimal 
design  consisting  of  the  steady-state  gains  can  be  used. 

The  estimates  Xk  and  d^  are  obtained  by  using  a one-step  Kalman  predictor 
on  the  augmented  system  given  in  (10).  Assuming  the  noise  covariances  are  con- 
stant, a steady-state  filter  can  be  used.  The  filter  equation  is 


where  the  gain  matrix  is  calculated  from  the  following  relations 

i-i 


L = [o$;J  2 C (czc'+e)- 


where  Z sati s fies 

z = 2 + [&';&-]  (2  - Z c'(czc*0)"c Z) 


fA1 1 
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are  the  measurement  and  state  noise  covariance  matrices,  respectively.  See 
[5]  for  details. 

The  control  system,  then,  is  implemented  using  equations  (12)  and  (13) 
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CONCLUSIONS  AND  RECOMMENDATIONS 


At  the  present  time,  the  basic  continuous-time  model  of  equation  (8)  has 
been  developed  and  changed  into  the  discrete-time  model  of  equation  (10). 

Also,  the  discrete-time  equivalent  cost  function  given  in  (11)  has  been 
developed  from  (9). 

Current  activity  centers  on  determination  of  the  control  gains  needed  in 
(12).  An  iterative  approach  to  solving  the  gain  equations  has  been  programmed 
and  is  being  debugged. 

Following  completion  of  the  longitudinal  control  system,  future  work  could 
include  development  of  the  lateral  control  system  and  of  a six  degree-of- freedom 
digital  simulation  including  winds  and  target  dynamics.  The  simulation  would 
be  used  to  time  the  control  system  design  and  to  examine  the  effects  of  the 
radar  data  rates,  the  control  update  rate,  and  data  link  failure. 

A comment  on  implementation  is  in  order.  Since  the  measurement  informa- 
tion consists  of  basically  two  sets,  viz.,  radar  and  altimeter  in  one  set  and 
on-board  sensors  except  altimeter  in  the  other,  the  control  calculation  can 
be  broken  into  two  parts.  Part  one  is  based  on  radar  data  and  would  be  accomp- 
lished at  a ground  control  station.  Part  two  is  based  on  on-board  sensor  data 
and  could  be  accomplished  using  an  on-board  digital  processor.  In  case  of  a 
data  link  failure,  the  on-board  calculation  could  continue  uninterrupted. 
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A method  is  presented  for  the  estimation  of  the  shape  and  scale  Darameters 
of  an  inverted  gamma  prior  distribution  of  the  mean-time-to-fai lure  for 
equipment  having  exponential  time-to-fai lure  distribution.  This  method,  akin 
to  the  Maximum  Likelihood  Method,  allows  the  use  of  all  sorts  of  existing 
failure  data  on  the  equipment  in  question,  provided  a certain  sufficient 
condition  is  satisfied.  Further,  this  method  (we  call  it  the  Generalized 
Maximum  Likelihood  Method)  is  usable  to  update  the  prior  distribution,  when 
new  failure  data  become  available.  In  the  long  run,  this  updating  process 
will  give  rise  to  a solid  prior,  which  can  confidently  be  used  in  Reliability 
Demonstration. 

Various  facets  of  the  sufficient  condition  for  the  applicability  of  this 
estimation  method  are  exposed,  the  variance-covariance  matrix  of  the 
estimators  is  given  under  various  randomness  assumptions  and  some  numerical 
considerations  are  discussed. 

There  is  a brief  discussion  of  alternate  estimators  in  the  case  of  a 


truncated  test  data. 
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1.  INTRODUCTION 


1.1  We  consider  equipment  with  exponentially  distributed  time-to-fai lure, 
i.e.  the  probability  density  function  of  the  time-to-fai lure  is  given  by 

(1.1.1)  <f i ® le)  , -t>o  •>  0>o, 

where  the  parameter  9 is  the  mean- time-to-fai lure  (MTTF)  of  the  equipment. 

We  assume  that  9 itself  has  a prior  distribution  of  the  inverted  gamma  type, 
i.e.  the  prior  probability  density  function  of  9 is  given  by 

(1.1.2)  ^ , 0>5) 

where  X is  the  shape  parameter  and  j is  the  scale  parameter  of  the  prior 
di stribution. 

1.2  Bayesian  Reliability  Test  Plans  based  on  the  prior  (1.1.2)  have  been 
developed  by  Schafer  et  al . [4]  and  Goel  [1]  under  various  combinations 
of  risks.  The  implementation  of  these  plans  require  the  estimated  values 
of  X and  )£  in  (1.1.2).  Since  the  true  MTTF  9 of  an  equipment  is  not 
observable,  we  cannot  directly  fit  existing  data  to  the  inverted  gamma 
distribution  (1.1.2).  To  get  around  this  difficulty,  we  consider  the 
probability  function  of  the  number  of  failures  r in  a fixed  time  T, 

given  9.  Because  of  the  exponential i ty  assumption  (1.1.1),  this  probability 
function  is  Poisson  with  parameter  T/9,  i.e. 

(1.2.1)  PT(r|e)  = 77  (T/e)r**K-T/9)>  *>  T?° 

Thus,  the  unconditional  probability  function  of  the  number  of  failures  r in 
a fixed  time  T is 


(1.2.2)  ?T(r)r 

By  using  (1.1.2)  and  (1.2.1)  and  performing  the  integration,  we  obtain 
o.2.3,  epW-(xr)(^(^r. 

which  is  a negative  binomial  distribution  with  parameters  Xand  T/(T  + yV 
If  existing  data  on  a type  of  equipment  are  of  the  form  "number  of  failures 
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in  a fixed  common  time  T",  then  the  parameters  X and  ^ can  be  estimated 
by  using  (1.2.3).  Schafer  et  al . [3]  used  the  method  of  moments  for  this 
purpose,  whereas  Goel  and  Joglekar  [2]  used  the  maximum  likelihood  method. 

1.3  An  extreme  and  rather  hypothetical  case  results  when  we  keep  the 
number  of  failures  r fixed  and  observe  the  time  T until  the  rth  failure. 

Since  T is  the  sum  of  r exponential  random  variables,  its  probability 
density  is  gamma  with  parameters  r and  0’1 

(1-3.1)  {r(T  1®)  » T>°- 

Thus,  the  unconditional  probability  density  function  of  T is 
(1.3.2)  (r(Tl-  S *8 

^(^r>  T>a- 

This  is  just  a scale  transform  of  the  inverted  beta  distribution  written  in 
this  form  to  show  its  similarity  with  (1.2.3). 

1.4  Existing  failure  data  (especially  field  data)  usually  do  not  exhibit  any 
of  the  two  features  discussed  above.  Usually  the  test  or  operational  time 
varies  from  equipment  to  equipment  of  the  same  type.  Thus  the  data  will 
usually  be  of  the  form  (f\  T.),  i =1 , ...,  n,  where  r..  is  the  number  of 
failures  of  the  ith  equipment  in  time  T. . In  a test  situation,  it  is 
feasible  to  control  either  r..  or  T. , but  cost  considerations  recommend  the 
control  of  T^ . Thus,  it  is  desirable  to  estimate  X and  £ in  this  more  general 
situation,  which  encompasses  the  situations  discussed  in  sections  1.2  and  1.3 
as  special  cases.  Schafer  et  al . [3]  Dresent  a method  of  estimation  akin  to 
the  method  of  moments.  This  method  however  is  not  applicable  if  a single 
equipment  had  no  failures  at  all. 

1.5  In  this  report  we  Dresent  a general  estimation  method  which  we  call 
The  General ized  Maximum  Like! ihood  Method . A sufficient  condition  for 

the  existence  of  the  estimators  is  given.  In  the  case  of  fixed  time  data. 
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it  is  shown  that  the  condition  is  also  necessary.  The  method  has  the 
advantage  of  being  usable  to  update  the  prior  when  new  data  become  available 
e.g.  from  reliability  demonstration  tests. 

If  the  data  used  for  the  estimation  of  the  prior  distribution  are  generated 
by  a planned  test,  the  estimability  condition  dictates  ways  of  choosing 
(control ling) either  the  test  times  T-  or  the  number  of  failures  r.  in  such  a 
way  that  the  resulting  Generalized  Maximum  Likelihood  Equations  have  a 
solution,  i.e.  the  estimators  exist. 

In  the  case  of  fixed  time  data,  if  the  estimability  condition  is  violated, 
some  alternate  estimation  methods  are  presented. 
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2.  THE  GENERALIZED  MAXIMUM  LIKELIHOOD  ESTIMATION  METHOD 
2.1  We  suppose  that  n identical  equioments  with  exponential  time-to- 
failure  distribution  are  tested  in  the  following  way:  the  ith  equipment  is 
tested  for  T.  hours,  i = 1,  ....  n.  Let  ri  denote  the  number  of  failures 
of  the  ith  equipment.  We  assume  that  the  prior  distribution  of  the  MTTF  9 is 
given  by  (1.1.2).  Then,  the  unconditional  probability  function  of  r.  is 
given  by  (1 .2.3) , i .e. 

X 

/■  X+r:  -»  w x \ f Tv 


- » v-"( 


The  Generalized  Likelihood  Function  of  the  sample  (r..,T. ),  i = 1,  ...,  n is 


defined  to  be 


Just  as  in  the  classical  Maximum  Likelihood  Estimation  technique,  the  best 

A A 

explanation  of  the  data  (r^.T^),  i = 1,  ...,  n is  provided  by  the  values  (X,  $ ) 
of  ( X. % ^ ) at  which  the  function  L attains  its  maximum,  if  L has  a maximum.  As 
usual,  in  order  to  maximize  L,  it  is  enough  to  maximize  its  natural  logarithm 

(2.1.3)  UL=  • 

i-«  * is,  \ & 

In  order  to  obtain  the  critical  point  of  L,  we  have  to  solve  simultaneously 
the  Generalized  Likelihood  Equations 


(2.1.4)  -2.  UL 

o X 

which  in  our  case  become 


~Ul-c  2_  u l =o 


(2.1. 

.5) 

lUL- 

. J \ 

X + 1 

- m**  -j) 

i=» 

(2.1. 

.6) 

N t T; 

* £ 

- T JU--C. 

• T.-** 

1-1  V 

If  we  set 

*.  = I 1 
J mi 

the  above 

equations 

are  reduced  to 

(2.1. 

• 7) 

ft  H- 

> 

14- 

7 

(2.1.8) 


n 


Since  X is  given  explicitly  in  terms  of  ^ by  (2.1.8),  we  can  substitute  in 
(2.1.7)  to  obtain  an  equation  in  alone.  The  resulting  equation  can  be 

/V 

solved  numerically  (when  a solution  exists)  to  obtain  the  estimator  ^ and 
then,  by  means  of  (2.1.8)  obtain  the  value  X . 

2.2  If  we  control  the  number  of  failures  r..  and  let  be  random,  the 
distribution  of  Ti  is  given  by  (1.3.2).  It  is  immediate  that  the  new 
Generalized  Likelihood  Function  will  be  the  same  as  the  one  given  by 
(2.1.2)  ud  to  a factor 

fln/Ts 

I -» 

which  is  independent  of  the  oarameters  Xand  Therefore  the  resultinq 

Generalized  Likelihood  Equations  will  be  exactly  the  same  as  the  ones 

given  by  (2.1.7)  and  (2.1.8).  Thus,  the  General ized  Maximum  Like! ihood  estimators 

wi 1 1 have  the  same  form,  irrespectively  of  whether  we  control  the  T^ ' s or  the 

r/s  or  any  combination  of  them  (e.g.  control  ing  r.  for  i =1,  ...,  k and 

Tj  for  j = k+1,  ...,  n). 

3.  A SUFFICIENT  CONDITION  FOR  THE  EXISTENCE  OF  THE  GENERALIZED  MAXIMUM 
LIKELIHOOD  ESTIMATORS 

3.1  The  system  of  equations  (2.1.7)  and  (2.1.8)  does  not  always  have  a 

solution.  Although  we  could  produce  examoles  of  actual  data  for  which  the 

Generalized  Maximum  Likelihood  estimators  do  not  exist,  for  simplicity's 

sake  we  resort  to  the  following  rather  contrived 

EXAMPLE  3.1.1  Let  n = 3,  ri  = o,  r2  = 1 , r3  = 2,  T1  = T2  = T3  = T. 

Then  the  equations  (2.1.7)  and  (2.1.8)  are  reduced  to 

(3.1.1)  i * -L  - 3U(»*X\ 

X X+\  X x 1 


(3.1.2) 


X--  */T 
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whose  simultaneous  solution  calls  for  the  zero  of  the  function 

'VlM  = 1 -*'"(' ♦*)  ’ x><’- 

We  claim  that  actually  for  all  \>o  . Indeed,  l = voo  and  lit*  ^(x\  = o 

X->o*  x-»*» 

and  thus  it  is  enough  to  show  that  ^ is  strictly  decreasing.  This  is  so  since 
the  derivative  of  ^ is  negative 


'V  - - X1  **  x(xt.)  ~ xlU«)1 

3.2  We  now  give  a sufficient  condition  for  the  solvability  of  the  Generalized 
Likelihood  Equations  (2.1.7)  and  (2.1.8).  We  use  the  following  notation: 


<° 


S*  - — Ir.1  - 

n i- , / ^ vy  r — i > 

in 

T-T  iT-  ’ *T*  = -Jr 

iZ%  IZ% 

C.v(r.T)  - ± lnTi  • 


We  shall  prove  the  following 


THEOREM  3.2.1  If 


(C)  i?Tcov(,r,T)  < T1  (Sr-?)  V ?!Sx  > 

then  the  Generalized  Likelihood  Equations  (2.1.7)  and  (2.1.8)  have  a solution. 
PROOF.  It  suffices  to  show  that  the  function  defined  by 


(3.2.1) 


where 


w ( - j - IM-4)  i s> 

Xv<' / I:  v« 


has  a zero.  We  observe  that  a^o,  because,  otherwise,  all  <X=o  which 
implies  that  all  r^  = 0 and  the  condition  (C)  violated  (it  is  reduced  to  o<«) . 
Since  \(^\tends  to  zero  when  ^ tends  to  zero  and  since  «>owe  get 

\i«vt  W ( ^ = • 

Thus,  it  suffices  to  show  that  W(jp  is  negative  for  large  To  this  end  we 


r*— 


5r 


observe  that 

(3.2.2)  ■=  $ [ Z«  - J.r\  \ /t  £ Ti  ” i Ti*X  *°C5 

^ ^ in  in  i-1  in 

Y r St  - T Cov  (r,T ) , , 

- -=■  X * — — =7 + °^]  ai  + • 

Substituting  (3.2.2)  into  (3.2.1)  we  obtain  « 

(3-3.3)  W(X1  = 31  "j  /[  I , ?4-TUv(r.T) 

]’»  T Tl 

T -»fc-  r r St-T  u»vtr,T)  5 «.  + J_  + 

= T«  ll?>  'I— Tf  &.*  - i*-  Jj 

+oU-)i-  i.T;  r-t  i r * * °i*‘M 

J ;=,  »=• 


as  $ -n-  «>  . 


Since  Z.  &:  - * 
jii  J 

(3.3.3)  is  reduced  to 


and 


I - 7 Csr  +rx-r)  , 

j -• 


-2-  ^-l?TC0NCr,T^  +TlCSr'?^  trlS^l  ^ + °(K  * 


CXS 


X 


•V0O  . 


Because  of  the  condition  (C),  W(ty  <o  for  large  \ and  the  theorem  is  proved. 
3.3  We  observe  that  in  case  T.  = T for  all  i =1,  ...,  n>  the  condition  (C) 
is  reduced  to 

(C, ) r < s* 

which  is  exactly  the  condition  for  the  applicability  of  the  method  of 
moments  to  the  estimation  of  the  parameters  of  a negative  binomial  distribution. 
In  the  next  section  we  will  show  that  the  condition  (C] ) is  also  necessary 
for  Maximum  Likelihood  estimability  in  the  case  of  the  negative  binomial 
distribution. 


„T  ~~ 


If,  on  the  other  hand,  r.  = r for  all  i = 1,  ....  n,  then  the  condition  (C) 
is  reduced  to 

(C2)  T < Jr  ST 

which  is  exactly  the  condition  for  the  applicability  of  the  method  of 
mements  to  the  estimation  of  the  parameters  of  the  inverted  beta  distribution 
(1.3.2).  Of  course,  if  the  method  of  moments  is  applied  to  this  situation, 

A 

the  value  of  X will  always  be  greater  than  2,  because  this  distribution 
does  not  have  a second  moment  if  \±2. 

Another  remark  about  the  condition  (C)  is  in  order.  Since  the  values  ot  T1- 
are  usually  large,  both  sides  of  the  inequality  become  rather  large.  It  is. 


therefore,  convenient  to  write  condition  (C)  in  the  following  equivalent  form 


(3.3.1) 


W-I  1 


3.4  We  now  prove  the  following 

THEOREM  3.4.1  The  Maximum  Likelihood  estimators  of  the  parameters  of  the 
negative  binomial  distribution  (1.2.3)  exist  if  and  only  if  r < s' . 

The  sufficient  part  of  this  theorem  is  contained  in  the  Theorem  3.2.1.  For 
the  necessity  part  we  need  the  following  lemma 

LEMMA  3.4.2  For  all  positive  integers  n and  all  positive  \we  have 
(3.4.1) 


7 > — - — . . 


The  inequality  is  strict  if  w>l. 

The  proof  of  the  lemma  is  inductive.  The  inequality  is  obviously  true  for  n 
Assuming  it  true  for  n,  we  shall  prove  it  for  n + 1.  Indeed 

1 • vi  l 


= 1 


y ■ . r • l . > 

jT 4; 


-'v  U-H 

\U+*\  X l Xtw-»)  (Xtw)1  X 0+*) 


V\  + \ 
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This  completes  the  proof  of  the  lemma. 

PROOF  OF  THE  THEOREM:  We  need  only  prove  the  necessity  of  the  condition. 
Since  T.  = T for  all  i = 1,  ....  n,  the  equations  (2.1.5)  and  (2.1.6)  are 


reduced  to 
(3.4.2) 


7 ( -L  ,...4  — \ -«U  - 


(3.4.3)  "V*  - Vx  * 

Obviously,  it  is  enough  to  prove  that  the  function  ^ defined  by 

Vw=  Z C-k-  - 

i=i  * 

has  no  zeros  if  r > S*  • If  all  r^  are  zero,  then  the  function  ^ is 
identically  zero,  the  log-likelihood  function  (2.1.3)  is  reduced  to 

and  it  is  obvious  that  this  function  has  no  maximum  in  the  range  of  the  parameters. 
Thus  we  may  assume  that  at  least  one  r^  is  different  than  zero.  Then 

Uws  - -V*  <W 

X^»0+  X--4+0* 

Hence,  in  order  to  show  that  the  function  'V  has  no  zeros,  it  suffices  to  show  that 
its  derivative  is  nonpositive.  By  using  the  inequality  (3.4.1)  we  get 

(3.4.4)  vV7v\-_  T ( -i-  + • ••  + - A ■+  wf 

' lA)  -r,^x  0>'rr')  ‘ \( x-tr) 

4 — i — — . 


We  now  use  the  convexity  of  the  function 

w(x)  -=  '/(>-»  » » * >0 

with  the  r/s  in  the  numerator  of  the  summand  of  the  right  hand  side  of  the 
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inequality  (3.4.4)  used  as  weights  and  the  rv's  in  the  demon ina tor  as 
points  in  the  domain  of  w.  Ths  co-cailed  Jensen's  inequality  yields 

r-  £*  "r1 

4-  ~ X-i  * £«\V£r.  Xr+s;*r_r- 

t-  1 4 1 

Therefore,  going  back  to  (3.4.4),  we  get 

'V  (X)  - - J X7  +s,1*? - ? > i A-.7) 

= "7  4,  , },» 

X (. \+r  K X r a i*  -rr  *-  r ) 


r ^ *r  , 


This  completes  tne  proof  of  the  theorem. 


z i.  £ (i-O*-  > 


4.  CONTROLLING  FOR  ESTIMABILITY 

4.1  If  we  let  n = 2m,  T.  = T for  i =1,  m and  T..  = kT  for  i = m + 1, 
. . . , 2m,  k > 1 , then 


By  substituting  (4.1.1)  into  (C)  we  obtain 


X** 


(4-'-2)  if  1-i  <-fe 

V- w*  ^ 


3k+»  - 


a condition  independent  of  T.  This  kind  of  test  desiqninq  enhances  the 

? _ 

possibility  of  having  Sp>r  and  the  condition  (C)  satisfied.  In  particular,  if 
k = 2,  the  condition  (4.1.2)  is  reduced  to 
(4.1.3)  i?fr.  < 3(iP-r}  * 2 ?». 

w»  • 1 Z 

iSH 

4.2  In  the  more  expensive  case  of  controlling  the  number  of  failures  and 
letting  the  test  time  be  random,  we  can  always  assure  r<sr-  We  consider  the 

the  following  design:  n = 2m,  r..  = r for  i - 1,  ...,  m and  r^  = kr  for 
i s in  + 1,  ....  2m,  k ? 1 . Then 


(4.2.1)  ?;ii2r  } Sp 


Then  a.-'  _ 

r\  ^Cr.T)r-r  rL- "T*^ j 


and  the  condition  (C)  is  reduced  to 

(4-2-2>  iiJLT;  <=?*£.£' **£1 

\ " 


lt-i  c * 

■+  2—  S-r  . 

U-M 


By  choosing  k = 2 and  r =12,  or  k = 3 and  r = 7,  or  k = 4 and  r = 5,  or  k = 5 
and  r = 4,  this  condition  is  always  satisfied.  Of  course,  one  does  not  have  to  go 
to  such  extremes.  For  k = 2 and  r = 6 for  example,  the  condition  will  usually 
be  satisfied. 
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5.  VARIABILITY  OF  THE  ESTIMATORS 


5.1  The  variance-covaniance  matrix  of  the  Genralized  Maximum  Likelihood 


. a 

estimators  A and  ^ is  given  by 

/vc\r(X'|  Gov  (X , J 


(5.1.1) 


tov(.X,5') 


Ell 

5 XV 


tii.L  e£ 

Sxv,  TT 


From  (2.1.5)  and  (2.1.6)  we  obtain 


(5.1.2) 


(5.1.3) 


(5.1.4) 


X U L -- 


_ -V  — \ - — % 


vVL  = 

ill.L  = 

St* 


- 1 :JL 
5 iT  T;*J 


X 5 mUf+T;)  y _n_  _ 

x'^T;n)‘  t:  CW 


5.2  Assuming  the  T^  non-random  and  the  r..  random,  we  obtain 

(5-2.1)  £ 11 UL  = - i F r^L-  •,>.) 


where 


(5.2.2) 


(5.2.3) 


(5.2.4) 


FU-.M-  ifVj*('7') 
tVUL  . tJL  ; 

Ms  8 TJn 

EiiuL  = -i-ini-  . 

^s‘  )S*  (TTy! 


By  substituting  (5.2.1),  (5.2.3)  and  (5.2.4)  in  (5.1.1)  we  get 


(5.2.5)  var 


(5.2.6)  var 


.2.7)  u.vOx.51  , y/c  x £f(^  . 


5.3  By  assuming  T.  random  and  r^.  non-random,  we  obtain 

,s-3-,)  E&UL  •-£(&»■  ■ 

,5-3'2)  1 ; 

,5.3.3,  • 


Substituting  into  (5.1.1),  we  get 
(5'3-4>  /*  ; 

(5-3-51  , 

<5-3'6)  . 


(5.3.6) 


where 

(5.3.7) 


*•  X £«">•  I* 


The  case  of  mixed  controls  can  be  handled  similarly.  In  order  to  estimate  these 
variances  and  covariances,  we  substitute  in  the  above  formulas  the  estimated 

* A 

values  \ and  ^ instead  of  \and  V . 
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6.  NUMERICAL  CONSIDERATIONS 

6.1  In  writing  up  a computer  program  for  the  numerical  solution  of  the 
Generalized  Maximum  Likelihood  Equations  (2.1.7)  and  (2.1.8)  the  following 
observations  should  be  taken  into  account.  The  solution  of  these  equations  is 
reduced  to  finding  the  zero  of  the  function  W defined  by  (3.2.1).  The  shape 
of  this  function  is  given  by  figure  1. 

If  the  Newton-Raphson  iterative  method  is  employed,  care  should  be  exercised 
in  choosing  the  initial  value.  If  the  initial  value  is  greater  than  the 
minimum  m of  the  function  W,  the  Newton-Raphson  process  will  diverge  to 
infinity  (initial  value  jf,  , in  Figure  1),  whereas,  if  the  initial  value  is 
less  than  m but  near  m,  the  first  iteration  will  produce  a negative  value  for 
^ (initial  value  in  Figure  1).  Therefore,  an  initial  value,  at  which  W 

is  positive,  should  be  chosen,  if  the  Newton-Raphson  method  is  to  be  used. 
Because  of  the  complexity  of  the  derivative  of  W and  since  only  nearest 
integer  accuracy  is  required  for  ^ , some  slower  converging  interpolative 
method  may  be  more  suitable. 


FIGURE  1 
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7.  ALTERNATE  ESTIMATORS  (NEGATIVE  BINOMIAL) 

7.1  In  the  case  of  fixed  time  testing  (i.e.  T^  = T for  all  i = 1,  ....  n),  we 
saw  that  the  distribution  of  the  number  of  failures  is  the  negative  binomial 
given  by  (1.2.3)  and  that  the  Maximum  Likelihood  estimators  exist  if  and  only  if 


(7.1.1) 


r < s. 


by  the  theorem  3.4.1.  Since  the  solution  of  the  Likelihood  Equations  require 
numerical  techniques,  several  alternate  methods  are  often  used.  Among  them,  the 
method  of  moments  is  the  most  popular.  It  yields 
(7.1.2)  J :rT/(Sr'-?) 


and  it  is  highly  efficient  in  a wide  range  of  the  parameters.  Of  course, 
this  method  is  usable  if  and  only  if  (7.1.1)  is  satisfied. 

Other  simple  methods  are: 

(A)  Matching  first  moments  and  first  frequencies  (the  zero  class  of  the  sample 
with  the  expected  number  in  the  zero  class).  The  resulting  equations  are 

(7.1.3)  XT,?,  , 

where  nQ  is  the  zero  class  of  the  sample.  It  is  not  hard  to  prove  that  this 
method  is  usable  if  and  only  if 

(7.1.4)  r > U (70  • 

(B)  Matching  first  moments  and  the  ratio  of  the  first  two  frequencies.  The 
resulting  estimators  are 

(7.1.5)  \ ~ ^V^r-vU  . 

Obviously  this  method  is  usable  if  and  only  if 

(7.1.6)  . 

The  efficiency  of  these  two  methods  has  been  investigated  by  Katti  and  Gurland  [5]. 
They  found  that  there  are  ranges  of  the  parameters,  where  these  methods  are 
superior  to  the  method  of  moments. 
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7.2  Another  estimation  investigated  bv  Katti  and  Gurland  [5]  is  the  minimum 
chi-squared  method.  It  is  a highly  efficient  and  rather  complicated  method 
for  which  numerical  techniques  are  required.  We  did  not  attempt  to  find  necessary 
or  sufficient  conditions  for  the  applicability  of  this  method. 

8.  CONCLUSIONS  AND  RECOMMENDATIONS 

In  this  report  we  presented  a method  for  estimating  the  shape  and  scale 
parameters  of  an  inverted  gamma  prior  distribution  of  the  mean-time-to-failure 
for  equipment  having  exponential  time-to-failure  distribution.  All  sorts  of 
existing  failure  data  on  the  equipment  in  question  are  usable  provided  a 
certain  sufficient  condition  is  satisfied.  Further,  the  method  can  be  used 
to  update  the  prior  when  new  failure  data  become  available.  This  periodic 
updating  will  give  rise  to  a solid  prior  which  can  confidently  be  used  in 
Reliability  Demonstration. 

It  is  recommended  that  a computer  program  be  written  to  solve  the  Generalized 
Likelihood  Equations  that  define  these  estimators  and  to  compute  their 
variance-covariance  matrix.  To  this  end,  the  recommendations  out  forward  in 
Section  6 should  be  taken  into  account.  The  program  can  then  be  used  for  the 
periodic  updating  of  the  prior  distribution. 


TZ"r.rr 
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ABSTRACT 

The  automated  processing  of  imagery  by  computer  is  a signi- 
ficant factor  in  the  development  of  an  advanced  computer  image 
exploitation  facility.  The  increasing  capability  of  digital 
computers  had  led  to  the  implementation  of  nearly  all  image 
processing  functions  by  digital  computer. 

Advanced  image  processing  techniques  could  be  designed, 
developed,  tested  and  evaluated  on  a Digital  Image  Processing 
(DIP)  facility.  The  functional  characteristics  of  a DIP 
facility  have  been  partitioned  into  the  following  overlapping 
areas:  1)  hardware  and  software,  2)  data  representation/input, 

3)  preprocessing,  4)  information  extraction,  5)  information 
manipulation/feature  generation,  6)  decision  processes,  7) 
user  interaction/display,  and  8)  extended  capability.  In  a 
highly  interactive  mode  with  the  DIP  facility,  a human 
operator  would  be  capable  of  applying  a wide  range  of  two- 
dimensional  signal  processing  techniques  and  algori thms  to  an 
input  digital  image  and  giving  a variety  of  output  responses 
such  as  a modified  image  or  an  identification  of  specified 
areas  in  the  image. 

The  objectives  of  this  report  are:  1)  to  present  and  discuss 
techniques  and  algorithms  that  should  be  included  in  a complete 
and  flexible  DIF  facility,  2)  to  identify  problem  areas  requiring 
further  investigation,  and  3)  to  recommend  areas  in  which  further 
work  and  investigation  will  potentially  lead  to  the  development  of 
techniques  that  would  extend  the  capabilities  of  current 
systems.  The  following  problems  or  areas  are  proposed  for  further 
exploration:  1)  special  image  processing  hardware  and  software, 

2)  storage  of  high  resolution  digital  images,  3)  image  data 
compression,  4)  more  operator  interaction  at  the  image  pre- 
processing level,  5)  extend  capability  of  existing  image  processing 
procedures,  6)  extend  use  of  image  context,  7)  develop  more 
effective  texture  measures,  8)  evaluate  syntactical  image  infor- 
mation processing,  9 ) i nco r po ra te  sequential  decision  schemes, 

10)  increase  operator  interaction,  11)  increase  capability  of 
display  unit,  and  12)  extend  capability  of  DIP  facility  to  a 
predictive  mode. 
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I.  INTRODUCTION  AND  OBJECTIVES 


Visual  or  Image  Information  represents  probably  the  most 
important  source  or  sensor  of  information  for  human  beings. 

It  allows  man  to  evaluate  on-going  scenes  and  processes 
and  render  decisions  crucial  to  short  term  and  long-term 
planning  as  well  as  survival.  A central  goal  hereis  to 
"identify"  objects,  situations  and  outcomes.  Mechanisms 
which  can  preserve  or  store  a record  of  visual  or  image 
information  greatly  enhances  the  value  of  visual  information. 

The  Importance  of  visual  Information  is  underscored  by  its 
level  of  development  in  the  brain  (visual  cortex)  and 
associated  activity  as  Indicated  for  example,  by  EEG  scans. 

Its  role  in  learning  behavior  is  very  significant.  The 
automated  processing  of  image  data  is  thus  a crucial  factor 
or  adjunct  In  long-term  planning  and  survival.  The  development 
and  continuing  improvement  of  digital  computers  has  readily 
led  to  automated  image  processing  by  digital  computer. 

This  will  be  the  central  topic  of  this  report.  The  avail- 
ability of  digital  (computer)  image  processing  hardware 
and  software  have  yielded  a great  number  of  applications 
In  a variety  of  fields,  as  for  example,  in  medical  diagnosis 
(for  x-rays  or  computed  tomography),  aerial  surveillance 
(agriculture,  forestry,  land-use  planning,  hydology)  such 
as  LANDSAT,  military  (navigation,  target  evaluation,  mapping 
etc)  and  the  like.  It  is  noted  that  these  applications 
represent  different  forms  of  images  depending  on  the  type 
of  sensor  used  and  whether,  for  example,  it  is  active  or 
passive.  Examples  are:  passive  "cameras"  (monocular  or 
stereo),  x-ray  sources  (active),  heat  sensitive  FLIR  imagery 
or  thermography  (passive),  and  RADAR  (active).  Sensors 
are  distinguished  by  various  factors  such  as  frequency 
response  range  from  acoustical  scanning  (ultrasonic)  to 
x-rays  (in  radiology),  resolution,  sensitivity,  form  of  the 
output,  and  the  like.  Digital  image  processing  hardware  and 
software  is  being  developed  and  used  by  the  government, 
industry,  and  universities.  A significant  government  application 
is  found  in  the  military,  surveillance  and  defense  mapping, 
for  example.  In  industry,  image  processing  is  used  for  in- 
spection and  teleoperator  systems,  while  universities  use 
digital  image  processing  for  teaching  and  research.  Another 
significant  application  not  directly  included  in  the  above 
three  categories  is  medical  imagery  for  enhancement  and 
di agnos 1 s . 
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In  image  processing,  the  terminology  is  often  confusing; 
image  analysis  and  image  processing  are  sometimes  used 
interchangeably.  Here,  the  phrase,  digital  image  processing 
will  refer  to  any  process  or  procedure  which  is  applied  by  a 
digital  computer  to  an  image  in  digital  form  (sampled  and 
quantized),  regardless  of  the  source.  These  processes  include 
the  following:  preprocessing,  information  extraction,  and 
image  decision  making.  Cost  factors  are  not  considered  here. 
Such  a basic  system  is  illustrated  in  Fig.  1 below. 

DECISION 
-> 


Fig.  1 Basic  Image  Processing  System  Configuration. 

However,  in  an  overall  automated  image  processing  system, 
there  are  additional  factors  crucial  to  its  efficiency 
and  usefulness.  These  factors  include  image  storage  and 
retrieval,  image  representation  and  display,  image  infor- 
mation  manipulation,  user  interaction,  and  image  generation. 
Figure  2 attempts  to  illustrate  these  additional  factors. 

The  particular  configuration  of  such  a system,  including 
hardware,  software,  displays,  information  extraction,  and 
the  decision  scheme  or  process  used  are  application  dependent. 
The  algorithms  or  procedures  which  are  applied  to  implement 
various  image  processing  techniques  depend  on  the  application 
or  objectives  of  the  image  processing  system  user. 


Fig  2.  Illustration  of  a More  Complete  Image 
Processing  System 


The  main  thrust  of  this  report  is  to  present  and  discuss 
the  techniques  and  processes  relevant  to  digital  image  pro- 
cessing in  terms  of  the  aspects  or  processes  as  indicated 
in  the  previous  paragraph,  with  emphasis  on  the  perceived 
needs  of  RADC.  The  goals  or  objectives  in  this  investigation 
have  been:  1)  present  and  discuss  techniques  and  algorithms 
that  should  be  included  in  a complete  and  flexible  digital 
image  processing  system,  2)  identifying  problem  areas  requiring 
further  investigation  before  effective  implementation,  and 
3)make  recommendations  regarding  techniques  requiring  further 
work  or  development  to  render  them  more  effective  in  digital 
image  processing,  techniques  requiring  investigation  as  to 
their  potential  usefulness  in  this  application,  and  new 
techniques  or  extensions  to  increase  system  capability.  The 
overall  objective  is  to  increase  the  capability  of  image 
processing  systems  over  that  of  current  or  near  current 
systems;  this  would  apply  to  the  short  term  and  in  the  long 
term.  Short-term  improvement  refers  to  ideas,  concepts  or 
techniques  which  could  be  Incorporated  into  existing  or 
near  existing  digital  image  processing  systems,  while  long 
term  refers  to  systems  based  on:  (1)  using  relatively  well- 
developed  techniques,  (2)  potential  use  of  techniques  requiring 
more  work,  and  (3)  considering  concepts  relevant  to  additional 
or  extended  capability  to  meet  future  requirements  for  such 
systems.  Potential  capabilities  of  (far)  future  systems  can 
be  based  on  extending  the  capabilities  of  current  systems. 

These  considerations  of  techniques,  configurations,  and 
processes  will  emphasize  efficient  user/machine  interaction, 
automation  of  techniques,  and  their  application  on  a develop- 
mental or  demonstration  digital  image  processing  system  to 
implement  design,  development,  testing,  and  evaluation  of 
image  processing  methods.  Space  and  time  limitations  prohibit 
a discussion  of  all  aspects  of  digital  image  processing. 

The  purpose  here  is  not  to  duplicate  well-known  methods  or 
techniques  but  to  consider  various  techniques  and  system  con- 
figurations that  could  potentially  improve  the  capability  of 
digital  image  processing  systems. 

II.  AN  OVERVIEW  OF  THE  MAJOR  ASPECTS  OF  DIGITAL  IMAGE  PROCESSING 
SYSTEMS. 

In  consideration  of  various  aspects  or  characteristics  of 
digital  image  processing  systems,  one  should  try  to  retain  in 
mind,  the  major  objectives  of  such  a system  as  a tool  to:  (1) 
relieve  humans  of  repetitive  tasks,  (2)  supplement  human  vision, 
(3)  Increase  throughput,  (4)  aid  in  decision-making  based  on 
visual  information,  and  the  like.  This  section  discusses  eight 
major  aspects  or  functions  of  a digital  image  processing  system: 


(1)  hardware  and  software,  (2)  data  repres en ta ti on/ i npu t , 

(3)  preprocessing,  (4)  i nformati on  extraction,  (5)  i nformat i on 
manipulation/feature  generation,  (6)  decision  process,  (7) 
user  interaction/display,  (8)  extended  capability.  These 
aspects  although  distinct,  are  strongly  interrelated  in  that 
a choice  or  constraint  in  one  aspect  strongly  affects  the 
selection  of  options  in  others.  As  an  overview,  a digital 
image  processing  (DIP)  system  can  be  described  by  hardware 
and  software,  whose  designs  are  strongly  interrelated. 

Hardware  includes  the  main  or  host  computer  (cpu),  memory, 
input/output  devices,  interfacing,  image  display  units, 
additional  user  terminals,  hardcopy  output  of  results,  and 
possibly  image  transmission  equipment.  Software  considera- 
tions include  form  of  image  files,  control  of  data  transfers, 
general  suitability  for  digital  image  processing,  support  of 
I/O  functions,  especially  the  image  display  unit,  support 
of  graphics,  and  ease  of  use  for  a non-expert  programmer. 
Together,  they  should  support  design,  development  and 
evaluation  of  new  software  techniques  ( subroutines), 
flexibility  in  use,  sufficient  throughput,  sufficient  speed, 
precision,  low  error  rate,  and  special  software.  Hardware/ 
software  trade-offs  must  be  carefully  weighed  in  order  to 
support  these  functions. 

The  next  aspect  is  image  (data)  representation/input  or 
source.  This  aspect  includes  how  image  data  should  be  stored/ 
retrieved  for  later  use  and  reference;  this,  of  course, 
influences  the  memory  requirements,  image  compression  tech- 
niques for  image  storage/transmission,  image  coding,  the 
form  of  the  image  data  input,  consideration  of  some  form  of 
optical  data  processing  or  representation , and  the  like. 

One  area  or  aspect  of  a DIP  system  which  has  received  a 
great  deal  of  attention  is  that  of  image  preprocessing.  This 
area  considers  techniques  for  improving  the  display  of  an 
image  to  a human  observer,  e.g.,  enhancement,  which  includes 
the  use  of  transforms  for  filtering,  restoration  of  images 
and  image  segmentation  that  precede  further  processing. 
Preprocessing  can  also  include  image  normalization  such  as 
histogram  modification,  geometric  corrections,  control  of 
scale  and  resolution,  and  image  combining,  such  as  sub- 
traction or  correlation,  as  well  as  techniques  for  noise 
surpression  and  data  clustering. 
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Any  decision  process  relevant  to  identifying  objects, 
scenes,  and  the  like,  to  be  "logical"  should  be  based  on 
as  much  information  as  can  be  extracted  from  an  image; 
thus  the  significance  of  the  information  to  be  extracted 
from  an  image  A summary  or  set  of  measurements  representing 
this  information  is  called  a feature  set.  The  information 
extracted  from  an  image  would  be  used  for  the  following: 

(1)  eventual  decision  making,  (2)  generating  a compressed 
image  for  later  use,  (3)  providing  information  for  direct 
viewing  by  the  user  (such  as  "manuscript"  generation), 
and  (4)  providing  cueing  information.  The  basic  elements 
of  image  information  are  the  pixels:  location  and  quantized 
gray-level,  and  color,  if  relevent  (or  spectral  bands). 

Vectored  data  would  be  more  meaningful  for  mul ti - s pec t ra 1 
imagery  for  the  same  scene.  Beyond  this  is  the  “putting 
together"  or  grouping  of  pixel  data  into  structures,  objects, 
and  the  like.  This  i nformati on  includes  gray-level  infor- 
mation, contours,  curves,  and  arcs,  object  edges,  texture, 
and  entropy.  This  information  can  be  man  or  machine  extracted. 
The  purpose  or  intended  use  of  information  whether  for 
decision-making  or  image  representation  (description)  must 
be  considered.  If  the  information  extracted  from  the  image 
is  for  image  description,  especially  for  a user  display, 
cueing,  or  the  like,  some  thoroughmust  be  given  to  the  re- 
lationship of  the  information  extracted  and  how  the  human 
visual  system  can  be  helpful  (with  its  capabilities)  in 
developing  future  intelligent  DIP  systems. 

Next,  we  consider  information  extracted  for  decision- 
making concerning  the  image-identifying  objects,  regions 
or  situations.  To  accomplish  this,  the  information  extracted 
must  be  converted  to  a form  useable  by  various  decision 
schemes-f eatures  in  the  more  commonly  understood  sense,  or  a 
vector  of  measurements.  A feature  or  set  of  features  is, 
in  a sense,  a summary  of  an  image  pattern;the  emphasis 
here  is  in  trying  to  generate  features  that  are  good  for 
decision-making  (discrimination),  i.e.,  separating 
clusters  or  defined  classes,  ultimately  for  minimizing  the 
number  of  classification  errors  or  error  rate  (or  weighted 
error,  depending  on  the  type  of  error).  Features  can  be 
described  in  different  ways;  statistical  (say,  for  clusters), 
structural,  by  membership  functions  (fuzzy  sets),  and  context- 
sensitive.  Feature  selection  is  mainly  based  on  effective- 
ness in  recognition  or  classification,  but  computation  time 
is  also  important.  Feature  selection  is  dependent  on  how 
the  image  classes  are  defined  (detection  is  considered  as  a 
special  problem).  Feature  selection  for  acceptable  perform- 
ance and  rapid  processing  can  be  attacked  indirectly  by 
feature  data  analysis  and  reduction;  feature  analysis  includes 
re-clustering,  generating  features  for  multi -imagery,  and 
distribution  of  data  in  feature  space,  while  the  time 
constraints  can  be  attacked  by  data  reduction,  method  of 
principal  components,  and  the  like.  Another  factor  is 
how  such  features  can  be  used  to  define  context  information. 


After  features  or  feature  vectors  are  generated  for  dis- 
crimination purposes,  the  system  now  applies  a decision 
scheme  to  obtain  a decision  output.  Factors  here  include 
fixed  or  sequential  operation,  form  of  the  decision  rule, 
required  information  to  make  it  operate,  purpose  or  final 
use  of  the  decision,  the  structure  of  the  decision  mechanism, 
and  the  role  of  the  user  in  the  decision  process. 

A significant  factor  or  part  of  the  overall  DIP  system 
is  the  interaction  of  man  and  machine,  especially  in 
directly  dealing  with  the  image  itself.  The  key  element 
here  is  the  display  unit;  potential  characteristics  here 
include  the  following:  how  "intelligent",  hardware  and 
software  support,  color  and  stereo  capability,  real-time 
function  capability,  graphics  capability,  and  needs  of 
the  user/ i nvesti gator . Problems  related  to  this  deal 
with  how  the  user  interacts  with  the  display  with  respect 
to:  (1)  graphics  and/or  direct  image  management  and 
(2)  system  control  for  image  data  transfers,  call-up 
of  programs  and  functions,  and  the  like.  Also,  it  is 
significant  as  to  the  extent  that  a user  cannot  only 
do  image  processing  with  a library  of  routines  but  use 
the  machine  to  design,  develop,  and  evaluate  new  software 
as  to  performance,  and  then  have  it  in  a "useful"  form  as  a 
result.  Also,  the  transportability  of  software  could  be 
considered . 


The  last  of  the  eight  aspects  concerns  extending  the 
capability  of  most  present  DIP  systems.  One  extension  is 
the  implementation  of  an  active  role  for  the  DIP  system 
instead  of  just  a passive  one.  This  means  that  the  system 
would  not  just  recognize  patterns  but  could  generate  an  action 
in  the  visual  field,  and  then  predict  the  result,  again  in  the 
visual  field.  This  extension  could  be  expanded  into  a system 
that  would  project  possible  scenarios.  Another  extension  is 
to  expand  the  basic  change-detection  capability  of  the  current 
systems.  Another  possibility  is  to  attempt  to  incorporate 
some  of  the  useful  and  powerful  functions  of  the  human 
visual  system  in  this  DIP  system. 

III.  HARDWARE  AND  SOFTWARE 

In  general,  the  combination  of  hardware  and  software 
actually  describe  the  complete  digital  image  processing 
system.  The  design  of  hardware  and  software  are  intimately 
related  and  are  difficult  to  separate.  Hardware/software 
system  design  involves  a number  of  trade-offs  in  regard 
to  many  factors.  These  factors  include  speed,  precision, 
reliability,  flexibility  for  expansion,  modes  of  operation, 
ease  of  use,  and  interactive  capabilities.  The  weights 
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and/or  constraints  imposed  on  these  factors  is  strongly 
application  dependent.  The  application  of  interest  here  is 
digital  image  processing,  images  being  represented  by  an 
array  of  pixels,  whose  gray  levels  have  been  quantized. 

One  constraint  or  guideline  imposed  on  the  system's  operation 
was  previously  indicated  - the  system  is  to  serve  in  a stand 
alone  mode  for  design,  development,  testing  and  evaluation 
of  digital  image  processing  algorithms  and  techniques. 

General  digital  image  processing  system  requirements  include 
consideration  of  the  following:  information  handling 
capabilities,  machine  instruction  (set),  memory  levels,  size, 
and  bandwidth,  and  processor  functions  required  to  implement 
“standard"  DIP  system  capabilities.  Various  requirements 
exist  for  representing  image  information  content;gfor  example 
a single  frame  of  LANDAT  imagery  contains  30.10°  bytes 
of  information.  This  greatly  increases  memory  size  require- 
ments over  existing  capacity  (in  general).  For  the  storage 
of  say,  1,000  such  images,  one  needs  some  3.10"  bits  of 
storage.  Such  requirements  need  special  attention.  Memories 
can  be  arranged  in  a "hierarchical"  or  functional  manner. 

To  handle  the  1/0  transfer  of  image  data,  a buffer  memory 
of  approximately  10°  bytes,  a temporary  working  space 
memory  of  100  times  this  capacity  (with  DMA  capability) 
with  a bandwidth  of  64  megabytes  or  more  would  be  required. 
Additional,  smaller  memories,  primarily  associated  with 
storing  instructions  (programs)  would  also  be  required, 
say,  in  the  range  of  25k  - 512k  bytes.  In  a mu  It i -processor 
environment,  each  processor  would  be  associated  with  a 
"local"  memory  unit.  Instructions  executable  on  the  system 
must  be  compatible  with  digital  image  data  processing, 
i.e.,  to  implement  particular  functionsand  to  handle  1/0 
data  transfers.  In  addition,  because  of  the  proposed 
emphasis  on  man/machine  interactive  image  processing,  the 
display  unit  (discussed  in  more  detail  in  a later  section) 
is  to  be  an  "intelligent"  terminal  with  processors, 
memories,  and  graphic  capability. 

It  is  proposed  to  take  advantage  of  current  technology 
and  any  proposed  system  should  include  a limited  capacity 
to  incorporate  future  technology.  This  technology  now 
includes  the  practical  use  of  an  array  of  microprocessor 
units;  the  structure  of  each  unit  would  be  based  on  M0S 
or  bipolar  technologies,  and  depending  upon  the  unit, 
each  would  be  capable  of  executing  a fixed  instruction 
set  or  would  be  micropogrammabl e (bit-slice  architecture). 
Bipolar  processors  are  generally  faster.  Micro-program- 
mable units  are  faster  than  fixed  instruction  set  units 
and  are  more  flexible  in  matching  the  processor  functions 
to  the  application;  however  for  the  mi croprogrammabl e 
units,  required  software  (or  "firmware")  development  is 
much  more  extensive.  These  processor  units  also  provide 
the  flexibility  of  an  overall  array  processing  architecture 


because  of  bit-slicing.  However,  a shorter-term  approach 
(less  software)  consists  of  using  currently  available 
micro-processor  units(such  as  the  Z-8000  and  68000)  having 
defined  instruction  sets.  As  implied  at  this  point  and 
as  is  considered  in  more  detail  later,  a mul ti -processor 
array  configuration  is  proposed  for  implementing  digital 
image  processing  functions.  Because  of  the  downward 
trend  of  prices  for  p-processors  and  solid-state  memories, 
this  configuration  can  be  considered  to  be  cost  effective; 
cost  is  not  considered  to  be  a major  factor  in  the  implemen- 
tation of  the  proposed  configuration.  Because  of  advanced 
fabrication  techniques  and  capabilities,  one  approach  to 
the  mul tl-processor  array  is  a "ground-up"  one-design 
a VLSI  device  to  serve  this  purpose.  Advantage  can  also 
be  taken  of  solid-state  memories;  the  main  advantages  are 
speed,  random-access  capability,  and  decreasing  cost. 

For  a 16k  x 1 bit  RAM  unit,  maximum  access  time  is  about 
100ns  and  50  ns  for  the  write  cycle.  For  non-volatile 
memory,  solid-state  devices  (ROM's,  PROM's)  are  available/ 
with  comparable  speeds  and  which  can  be  used  for  firmware. 
Other  memory  devices  of  current  interest  include  bubble 
memories  and  charge-coupled  devices  (CCD's),  which  are, 
at  present,  si ower  and  less  reliable;  CCD's  do  have  some 
advantages  in  display  units.  The  display  unit  itself 
is  expected  to  be  a "smart"  terminal,  with  some  stand- 
alone capability. 

In  order  to  implement  digital  image  processing  techniques 
and  satisfy  reasonable  goals  relevant  to  throughput,  mani- 
pulating images, and  implementing  various  sophisticated 
algorithms  in  near  real-time,  along  with  the  system  goals, 
such  as  time-share,  dedicated  facility,  and  the  like, 
it  is  recommended  to  utilize  advanced  computer  architecture 
and  organization  - parallel  processing  - (associative) 
array  processing  - mul ti -processi ng  . Computer  architecture 
can  be  classified  based  on  the  properties  of  the  data 
and  instruction  streams.  This  has  led  to  4 categories 
of  computer  architectures.  These  categories  are  summarized 
in  Table  1 below. 
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TABLE  1 - A Classification  of  Generic 
Processor  Architecture 
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Using  this  summary,  one  can  consider  the  following  architectures 

1)  SISD  - (single  instruction  stream/single  data  stream); 
uni  processor ; example:  IBM  360. 

2)  MISO  - (multiple  instruction  stream/single  data  stream); 
pipeline;  example:  COC  STAR  100. 

3)  S IMP  - (single  instruction  stream/multiple  data  stream); 
parallel processor  or  array  processor;  example:  ILLIAC  IV  or 
STARAN. 

4)  MIMO  - (multiple  instruction  stream/multiple  data 
stream);  multiprocessor;  example:  Univac  1108. 

5)  SIMP  and  MIMO  combined. 

The  architecture  for  a typical  array  or  parallel  processor 
is  shown  in  Fig  3 below  (SIMD). 


Fig  3 - Block  Diagram  of  a Parallel 
Processor 


Fig  4 shows  a typical  associative  processor  configuration 
(SIMD) 


Fig  4 - Block 
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Additional  information  on  these  categories  and  further 
details  on  examples  for  these  categories  can  be  found  in 
the  literature.  Examples  of  SIMD  machines  include  STARAN, 
OMEN,  PEPE,  and  ILIIAC  IV.  These  machines  may  be  efficient 
for  operating  on  fixed-length  vectors  but  not  efficient  for 
mixed  scalar  and  vector  operations.  The  ILIIAC  IV  machine, 
although  a powerful  machine,  is  a "one-of-a-kind"  facility 
which  is  considered  not  sufficiently  flexible  (for  a 
machine  using  a similar  structure)  for  the  tasks  of  digital 
image  processing.  Most  instructions  on  this  machine  are 
aimed  toward  64  or  32  - bit  floating  point  operations,  while 
image  processing  often  works  on  integer  arrays  of  8 or  12  - 
bit  length,  a mismatch.  It  is  organized  as  a linear  array 
rather  than  two-dimensional;  all  processors  in  its  array 
execute  the  same  command.  The  STARAN  computer,  an  associative 
array  or  parallel  processor,  was  not  designed  as  a special 
purpose  computer  for  digital  image  processing;  however,  it 
has  been  applied  to  some  digital  image  processing  tasks, 
but  applications  in  this  area  have  been  limited  thus  far. 

Other  examples  of  special  machines  for  picture  processing 
which  are  much  faster  than  conventional  machines  are  the 
CLIP  series,  PPM,  and  PI  CAP.  The  CDC  Flexible  Processor 
and  the  TOSPICS  are  two  additional  examples  of  more  power- 
ful machines,  which  are  similar  in  their  treatment  of 
image  processing  tasks.  A feature  of  some  of  these  more 
powerful  machines  is  having  a special  type  of  memory,  CAM  - 
content  addressable  memory. 
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Special  purpose  computer  architecture  for  digital  image 
processing  can  be  partitioned  into  2 broad  classes,  bit- 
plane  processing  and  distributed  processing.  The  bit-plane 
approach  uses  Boolean  operators  as  processors  on  primarily 
binary  images.  The  distributed  computing  approach  appears 
to  have  more  computational  capability.  Most  of  the  existing 
machines  designed  for  parallel  and  array  processing  have 
the  disadvantage  of  not  being  “reconfi gurabl e,  whereas  a 
variety  of  digital  image  processing  tasks  would  greatly 
benefit  from  this  feature.  A mul tl -processor  configuration 
should  be  considered;  it  may  be  useful  to  combine  the  capa- 
bilities of  both  parallelism  and  pipelining.  Four  principal 
areas  where  system  performance  can  be  improved  for  specific 
applications  are:  1)  devices  and  circuits,  2)  system  archi- 
tecture, 3)  system  organization  and  4)  system  software. 
Performance  characteristics  include  throughput,  flexibility, 
availability  and  reliability.  The  essential  characteristics 
of  a multi-processor  are  as  follows: 

1)  contains  two  or  more  processors  of  approximately 
comparable  capabilities. 

2)  all  processors  share  access  to  common  memory. 

3)  all  processors  share  access  to  input/output  channels, 
control  units  and  devices. 

4)  entire  system  is  controlled  by  one  operating  system 
providing  interaction  among  processors  and  their  programs 
at  the  job,  task,  step,  and  data  set  element  levels. 

A key  to  classifying  such  structures  is  the  interconnection 
subsystem  - its  topology  and  operations.  Three  organizations 
of  this  subsystem  are  common:  1)  time-shared  or  common  bus, 

2)  cross-bar  switch  matrix  and  3)  multi-port  memories.  A 
cross-bar  configuration  must  be  capable  of  resolving  conflict 
situations.  Essential  structure  of  a mul ti -processor  system 
consists  of  a host  computer  such  as  a POP  11/70  or  11/780, 
mul ti pi  e-processors , shared  memory,  local  memories,  a mass- 
storage  memory,  interprocessor  connections  to  link  processors, 
memory,  and  I/O,  and  multi-port  memories.  A basic,  but 
general  multi-processor  organization  is  illustrated  in 
Fig  5. 
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The  RCA  215  is  an  example  of  a cross-bar  multiprocessor, 
while  the  Univac  1108  is  an  example  of  a multi-port  memory 
type  mul ti -proces sor . The  computational  tasks  relevant  to 
a DIP  system  to  be  performed  on  such  a machine  can  be 
summari zed  as  follows.  As  indicated  previously,  one  should 
take  advantage  of  current  technology  in  regard  to  the 
processors  and  memories.  The  overall  system  should  include 
a certain  amount  of  software  support  such  as:  an  assembler 
(macro)  an  interactive  source  language  edit  and  symbolic 
debugger,  extended  overlay  linker,  a text  processing  system, 
and  the  like.  There  are  many  operations,  algorithm  or 
techniques  which  a DIP  system  should  be  capable  of  performing. 
These  can  be  divided  into  frequently-used  ones,  new  ones 
to  test  and  evaluate,  and  ones  requiring  more  investigation 
to  develop  them. 

It  is  suggested  that  the  more  frequently-used  techniques 
be  implemented  through  special-purpose  hardware  (firmware) 
so  as  to  implement,  say,  image  transforms;  such  firmware 
would  be  accessed  through  special  commands  or  instructions. 

In  order  to  be  useful  as  a research/development  tool, 
program  development  for  new  techniques  or  algorithms  should 
be  capable  of  being  developed  in  a higher  level  language; 
the  major  purpose  is  make  things  easier  for  a non-expert 
programmer  to  design,  develop,  test,  and  evaluate  applica- 
tions software.  An  example  of  this  is  found  with  higher 
level  extensions  of  FORTRAN  IV,  such  as  SYMBOLANG  and 
TREETRAN.  In  addition,  there  is  a desire  to  allow  for 
software  transportability;  persons  from  outside  the  facility 
could  bring-ln  software  to  run  on  the  system  for  test 
and  evaluation,  and  persons  who  have  developed  software 
on  the  DIP  facility  could  also  transport  this  software 
to  run  on  another  system.  This  convenience  may  require 
additional  software,  such  as  an  appropriate  cross-compiler. 

Of  special  consideration  is  the  capability  that  the 
existing,  special  software  and  new  software  developed 
by  users  be  accessible  as  sub-routines  which  can  then 
be  linked  so  that  a complete  program  can  be  run  which 
sequentially  applies  various  techniques  to  an  input 
image  and  outputs  a modified  image  or  a decision.  The 
system  should  have  a wel 1 -devel oped  I/O  handling  capability 
for  different  terminals,  including,  perhaps  modems  for 
data  transmission  and  for  an  image  scanner.  The  power 
and  flexibility  of  such  a facility  would  invite  more 
users;  a time-share  capability  at  mul ti -termi nal s would 
be  needed,  and  a foreground/background  mode  would 
hel pf ul -i mage  processing  in  the  foreground  and  program 
development  in  the  background.  A hardcopy  unit  would 
be  useful  for  processed  Images  and  for  alpha-numeric 
data  such  as  statistics  and  decisions. 


15-17 


£ r-  — 


— t 


Suggested  areas  for  additional  AFES/Manuscri pt  Generation 
System  capability  include  1)  ability  to  link  algorithms  or 
techniques  (software)  as  subroutines  into  a executable 
program,  2)  ability  to  track  program  status  as  it  is  being 
applied  to  an  input  image  to  generate  a processed  image  or 
statistics  or  the  like,  3)  more  terminals  operating  in  a 
multi-user  environment,  each  with  a foreground/background 
capability,  4)  use  of  the  most  advanced  display  unit  (such 
as  Vector  General  3400  series  or  ICI  display,  5)  increased 
graphics  ability  (see  later  section),  and  increased  user 
interaction  in  selection  of  featureas  as  a part  of  a 
sequential  decision  process,  for  example. 

A significant  problem  proposed  for  further  study  is  to 
develop  trade -of fs  and  establish  bounds  for  a digital 
image  processing  system  assuming  a mul ti -processor  computer 
architecture;  trade-offs  would  be  developed  in  terms  of 
hardware  and  software  capabilities  and  limitations  in 
implementing  the  Increasing  requirements  for  a DIP  system. 

IV.  DATA  PRESENTATION/INPUT 

Useful  imagery  arises  from  many  different  sources  - 
LANDSAT,  RADAR,  aerial.  X-ray,  FLIR,  and  the  like.  Pictorial 
information  contains  a great  deal  of  information  for  possible 
extraction,  processing  and  interpretation.  The  first 
problem  is,  of  course,  converting  the  image  to  a form  that 
is  amenable  to  digital  computer  processing.  Equipment  such 
as  a camera  or  scan  converter  can  be  used  for  this  purpose  - 
yielding  an  array  of  pixels;  A/D  conversion  from  8-12  bits 
can  be  accomplished  in  less  than  20-30  msec  for  an  entire 
image  of  512  x 512  pixels.  One  problem  is  to  define  the 
size  of  the  pixel  array  to  "adequately"  represent  the 
original  image.  This  would  be  matched  by  the  memory  file 
size  and  organization  as  well  as  display  capabilities  and 
needs.  For  current  needs,  512  x 512  or  1024  x 1024  size 
images  are  adequate;  a 2048  x 2048  pixel  representation 
would  probably  be  adequate  for  several  years.  The  problem 
concerns  potential  information  lost  in  the  sampling  process, 
i .e . , spatial  i nformati on  versus  sampling  rate.  For  digital 
processing,  a sampled  image  is  represented  as  an  n x n array 
of  pixels.  Each  pixel,  in  turn,  can  be  represented  by  8-256 
gray  levels  or  3-8  bits.  A 4,000  x 4,000  pixel  image 
represents  16.10°  elements,  but  this  is  still  only  a fraction 
of  the  estimated  160  million  picture  elements  in  the  human 
eye.  Although  not  directly  in  the  area  of  digital  image 
data  processing,  optical  data  processing  as  a preprocessing 
step  may  be  a useful  adjunct,  since  it  is  a parallel  operation. 
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This  could  be  applied  to  improve  the  image  si gnal -to-noi se 
ratio  before  sampling;  this  can  be  important  especially 
if  the  spatial  sampling  rate  is  low  compared  to  noise 
frequencies,  so  that  noise  information  would  be  aliased  into 
the  information  spectrum  and  thus  it  would  be  more  difficult 
to  eliminate  after  sampling.  Other  functions  of  optical 
data  preprocessing  include  correlation  and  detection, 
transformations,  and  compression.  If  the  original  image 
contains  color  information,  then,  of  course,  more  bits 
will  be  required  for  representing  the  digital  image.  Color 
imagery  or  multi-spectral  images  could  be  stored  in 
separate  files.  In  the  overall  design  of  a DIP  system, 
some  thought  must  be  given  to  the  image  chai n-transmi tters , 
transducers,  signal  conditioners,  and  processors,  that  is 
image  chain  analysis.  For  convenience  of  storage 
and  retrieval  of  images,  it  is  suggested  that  the  main 
image  file  be  digital,  with  "original”  imagery  as  a back- 
up, that  is,  store  all  images  after  sampling  and  quantizing. 
Memory  requi remen ts  (mass  storage)  might  be  as  follows. 

a 4,000  x 4,000  pixel  x 8 bits/pixel  image, jives  almost  128 
10b  bits  or  roughly  1 08  bits/image.  Then,  for,  say  1,000 
images,  one  is  considering  about  10"  bits,  which  exceeds 
the  capacity  range  of  most  current  mass  storage  facilities, 
at  least,  for  near  real-time  access.  To  satisfy  this  need, 
one  can  consider  the  use  of  holographic  information  storage, 
a 4"  x 6"  card  holds  up  to  2 . 1 0 8 bits.  A LASER  archival 
memory  operated  by  IAC  (Institute  for  A dvanced  C omputaiti  on ) 
at  a California  facility  can  store  up  to  about  one  terabit; 
that  facility,  however,  is  a one  of  a kind.  These  require- 
mints  for  mass  storage,  auxiliary  or  temporary  memories 
needed  during  processing,  and  for  the  processing  and/or 
transmission  of  the  images  containing  this  much  potential 
useful  information  leads  to  the  possible  need  of  image 
data  compression  - reduction  of  data  without  a significant 
reduction  in  "useful"  information.  There  has  been  a great 
deal  of  work  done  in  this  area.  One  useful  technique 
is  transform  comprqss 1 on , especially  the  discrete  forms 
for  the  Kahunen - Loeve  ( K - L ) and  Fourier  transforms. 

A major  probleTii  with  the  K-l  transform  is  the  computation 
time  when  this  transform  technique  is  applied  to  the  entire 
image,  that  is,  to  generate  the  image  eigenvectors.  In- 
stead, this  transform  is  usually  applied  to  a number  of 
sub-images  generated  by  a partition  of  the  full  image. 

This  would  provide  a degree  of  optimal  image  representation 
and  would  allow  a reduction  of  8 bits/pixel  to  1.5  - 2 
bits/pixel.  Further  compression  is  possible  through  non- 
uniform  quantization.  Fourier  transform  and  Hadamard 
transform  compression  have  the  advantage  of  fast  generation 
and  image  reconstruction.  Transformation  is  followed  by 


15-19 


ri 


selected  coefficient  elimination  (retaining  only  the 
larger  ones),  or  eliminating  only  the  higher  (spatial) 
frequencies.  Another  class  of  compression  techniques  is 
represented  by  predictive  compression;  this  technique  is 
based  on  the  correlation  among  pixels.  This  technique 
has  shown  acceptable  results  and  further  work  is  indicated. 
Other  methods  include  image  separation  (high  and  low1, 
frequency  information  is  separated),  rate  distortion 
techniques  and  adaptive  compression,  the  latter  two  being 
worth  additional  work.  The  usefulness  of  compression  for 
storage  also  carries  over  to  image  transmission.  Compression 
techniques  are  closely  related  to  image  data  coding  techni- 
ques. As  indicated  previously,  after  digitalization,  an 
image  is  represented  by  an  array  of  real  numbers  (pixels) 
digitalization  is  really  a sampling  process,  followed  by 
quantization  of  the  image  gray  values.  Spatially  band- 
limited  imagery  can  be  sampled  with  spacing  to  satisfy 
the  sampling  theorem  with  courser  sampl i ng , al i asi ng  occurs 
and  the  reconstructed  picture  would  have  reduced  resolution 
(perhaps  "false"  contours).  Another  way  to  sample  (or 
resample)  a picture  is  by  orthonormal  functions  and  then  use 
the  coefficients  of  the  expansion  as  image  samples.  This 
approach  could  utilize  further  work  because  the  processing 
techniques  that  would  follow  the  sampling  would  have  to  be 
altered;  the  Fourier  or  Hadamord  transforms  are  examples 
of  orthonormal  functions.  Such  a representation  can  also 
be  effected  by  optical  data  processing  of  an  image  or 
resampling  a digital  image.  Another  sampling  technique 
Involves  generating  a sample  value  over  each  small  sub- 
area  of  a picture.  Quantization  can  be  optimized  through 
non-uniform  quantization.  For  a fixed  number  of  bits  to 
represent  an  image,  quantization  and  sampling  must  be 
traded-off  to  yield  the  "best"  image  for  storage.  For 
the  representation  and  display  of  images  (at  least),  a 
method  which  should  receive  some  attention  is  the  conversion, 
storage,  etc  of  an  image  in  the  form  of  a half-tone 
trans  fo rmation . 

A central  problem  here  which  is  in  need  of  further 
development  is  image  compression. 

V.  PREPROCESSING 

The  preprocessing  stage  of  a DIP  system  is  concerned 
with  applying  methods  which  will  essentially  have  an  image 
at  the  input  and  a modified  "image"  at  the  output.  In 
general,  the  objectives  of  preprocessing  can  be  divided 
into  three  parts  or  types:  1)  to  make  the  image  look 
better,  2)  "correct"  or  compensate  for  degradation,  and 
3)  to  prepare  the  image  for  information  extraction.  In 
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many  references,  type  3)  above  overlaps  with  certain  types 
of  information  extraction.  These  three  functions  are  commonly 
referred  to  as,  res  pec i tve 1 y , enhancement,  restoration,  and 
segmentation.  Methods  or  techniques  which  are  applied  to  a 
digital  image  during  preprocessing  in  implementing  any  of 
these  techniques  often  overlap.  All  3 functions  utilize 
the  image  display  unit  and  thus  involve  user  interaction. 

The  purpose  of  enhancement  is,  of  course,  to  make  the  image 
look  better  to  a viewer  to  ease  the  problem  of  process 
parameter  tuning  or  to  render  subsequent  user  directed 
processing  more  effective.  The  idea  is  to  improve  image 
quality  in  some  sense.  A general  approach  to  this  is 
filtering;  this  is  very  general  and  includes  smoothing 
(averaging),  weighted  or  unweighted,  emphasizing  certain 
characteristics,  reducing  noise,  and  the  like.  A major 
factor  in  dealing  with  all  3 of  these  objectives  is  image 
trans formation . There  is  a parallel  here  with  one- 
dimensional, time-domain  transforms  (Laplace,  Fourier), 
which  are  powerful  analysis  tools.  For  images,  transforms 
include  Fourier  (FFT),  Walsh,  Hadamard,  Hare,  and  the 
Karhunen-Loive  (K-L);  just  as  in  one-dimensional  digital 
signal  processing,  after  image  transformation,  filtering 
can  be  appl i ed- 1 ow- pa s s filtering  for  emphasizing  contrast 
or  high-pass  filtering  to  emphasize  edges,  and  the  shape 
of  the  "window"  becomes  important.  Noise  can  be  treated 
in  this  manner  also;  after  filtering,  the  transformed 
signal  is  retransformed  back  to  an  image  domain  for 
display  or  processing.  Noise  can  also  be  reduced  by 
spatial  smoothing.  Noise  characteristics  such  as  spatial 
dependence  or  independence  makes  a significant  difference  on 
the  methods  used.  Quantization  is  unavoidable  to  an 
extent.  Enhancement  can  be  aided  here  along  with 
restoration  by  perhaps  resampling  and  applying  adaptive 
quantization.  Another  approach  to  enhancement  is  gray- 
level  modification  which  includes  the  following:  1) 
correction  for  non-uniform  brightness  on  original  image, 

2)  scale  transformations  involving  contrast  expansion 
gray-level  reassignment,  and  the  like,  3)  gray-level 
conversions  such  as  a log-function,  4)  histogram 
modification  and  normalization,  even  over  a portion 
of  an  image,  and  5)color  conversion  (pseudo-color).  A 
very  important  result  here  is  very  subjective,  "sharpen- 
ing" a blurred,  edge,  i.e.,  locating  an  edge  in  a 
blurred  area.  Due  to  noise  or  other  unknown  parameters, 
the  actual  position  of  the  edge  may  not  be  known,  but 
the  human  observer  finds  that  an  edge  is  a very  useful 
reference.  Such  sharpening  can  be  achieved  through 
various  techniques  including:  1)  applying  the  Laplacian 
or  gradient  techniques,  2)  high-frequency  emphasis 
filtering  and  3)  a log-function.  In  place  of  conventional 
image  smoothing,  smoothing  could  be  varied  spatially  over 
the  Image,  or  the  "average"  over  an  area  could  be 
replaced  by  the  media  value  over  the  same  area.  Other 


Other  techniques  involve  the  reduction  or  elimination  of 
special  types  of  noise,  breaking-up  false  contours,  and 
generating  binary  images.  Another  enhancement  method 
can  treat  mul ti -s pectra 1 images  through  using  projections 
of  ratio  images.  As  indicated  previously,  certain  techniques 
overlap  the  3 objectives  of  preprocessing.  One  example 
is  the  use  of  interpolation  for  image  enhancement  and 
restoration. 


Image  restoration  involves  determining  the  original 
"object"  distribution,  f,  given  the  recorded  image  g and 
knowledge  about  the  point  spread  function,  h.  Image 
degradation  can  be  categorized  as  point  degradation, 
spatial  degradation,  temporal  degradation,  chromatic 
degradation,  and  combinations  of  these.  Degradation  can 
arise  from  several  sources  - the  sensor  itself,  the 
scanning  system,  and  the  like.  Here,  in  general,  a 
knowledge  of  the  degradation  mechanism  is  required.  Much 
restoration  can  be  applied  with  a knowledge  of  the  point  - 
spread  function  which  generated  the  input  image.  This 
can  be  estimated  through  measurements  of  the  response 
of  the  input  system  to  points  and  edges  as  inputs.  With 
this  i nf or mat ion , degradations  can  be  compensated  for. 

With  sufficient  prior  information  motion  effects  can  be 
minimized.  With  certain  constraints  imposed  on  the  noise 
characteristics,  image  information  can  be  "restored" 
through  various  filtering  techniques,  such  as  inverse 
filtering,  Wiener  filtering,  constrai ntec  deconvol ution  , 
recursive  (feedback)  filtering,  maximum  entropy,  non- 
recursive filters  based  on  using  the  transform  domain,  and 
the  Bayesian  method.  In  trying  to  evaluate  the  scanner, 
there  are  four  performance  factors:  1)  si gnal -to-noi se 
ratio  measurements,  2)  gray-level  distribution,  3)  scanner 
induced  artifacts,  and  4)  the  actual  scanning  operation. 
Another  technique  is  based  on  interpolation  of  information 
between  pixels  based  on  the  gray  values  of  near-by  pixels, 
using  linear  interpolation  and  the  6-spline,  for  example. 


Image  segmentation  is  the  process  of  partitioning  the 
image  into  named  areas  or  into  large  features.  Segmenting 
produces  an  image  which  is  suitable  for  information 
extraction  by  automated  processes  or  by  a human  observer. 

One  useful  segmentation  operation  consists  of  using  multiple 
threshold  gray  values  to  produce  a new  image,  which  can 
then  be  interpreted.  Another  approach  is  to  interpret  or 
describe  an  image  in  terms  of  a language,  a syntactic 
picture  language,  especially  for  binary  images.  Segmen- 
tation results  can  be  viewed  as  shown  in  Fig  6. 
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Fig  2.  Segmentation  of  an 
Image 
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Each  segment  consists  of  a boundary,  the  connected  region 
enclosed  by  the  boundary,  and  a distinct  label.  Generating 
segment  boundaries  depends  strongly  on  the  original  "object", 
the  optical  system,  film,  scanner  and  digitalization  process. 
If  segmentation  is  preceded  by  filtering  or  a gray-level 
transformation,  sucha preprocess  can  affect  the  segmentation 
and  subsequent  information  extraction  and  use.  Segmentation 
can  be  approached  from  a hierarchical  point  of  view  where 
the  first  step  represents  a rough  analysis  of  the  entire 
picture,  such  as  the  class  of  images,  general  characteristics 
of  gray  levels,  and  the  like.  Such  global  - level  segmenta- 
tion can,  for  example,  consist  of:  1)  split  and  merge  on 
thresholded  gray  levels  for  preliminary  categorization  of 
the  image  and  2)  vari a bl e- s pan  edge  detection  for  a pre- 
liminary determination  of  the  resolution  needed  for 
computing  other  characteristics  of  segments.  Another 
technique  is  to  detect  "landmarks  to  guide  the  process 
of  boundary  detection.  An  example  of  this  is  to  use 
spatially  dependent  templates;  templates,  of  course,  can 
be  used  not  only  for  segmentation  but  for  pattern  recogni- 
tion. The  description  or  label  for  a segment  overlaps  the 
subject  of  the  next  section  - information  extracti on. such 
as  edges,  boundaries,  curves,  arcs,  and  the  like.  Effective 
segmentation  can  involve  hierarchical  procedures  in  which 
gray-level  and  spatial  resolutions  are  optimized;  this 
yields  a variable  resolution  analysis  allowing  a refinement 
of  resolution  on  portions  of  the  image  of  greater  interest. 
This  can  serve  as  a basis  for  generating  minimum  perimeter 
polygons  to  represent  "blobs".  A consideration  of  resol- 
ution has  led  to  a possibility  of  increasing  resolution  (a 
restoration  process)  under  certain  conditions  (spatially- 
bounded  images  and  a minimum  signal/noise  ratio).  This 
so-called  super-resolution  is  based  on  "analytic  continuation" 
or  use  of  the  "prolate  spheroidal  wave  functions."  A 
LASER  scanner  could  achieve  the  required  S/N  ratio.  An 
on-line  technique  for  segment  generation  is  region  growing, 
a procedure  which  is  initiated  at  a display  point  by  a 
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user  and  then,  as  indicated  by  graphics  a region  around 
that  point  is  grown,  all  pixels  in  that  region  having  a 
predetermined  variation  and  perhaps  satisfying  other 
constraints.  A class  of  techniques  which  is  involved  in 
both  image  enhancement  and  restoration  is  geometric 
corrections;  these  include  corrections  for  shading, 
barreling,  and  the  like.  Another  example  "is  the  use  of 
a de-warping  procedure  for  correcting  for  a distorted 
image  based  on  a coordinate  transformation  and  interpolation. 
Some  geometric  correction  can  sometimes  be  implemented 
through  combining  two  or  more  images.  There  have  been 
significant  past  efforts  devoted  to  a particular  segmenta- 
tion technique  - clustering.  Clustering  is  a method  of 
grouping  pixels  together  as  a"clumPw  based  on  inter-spatial 
distances  or  other  stati sti cal -type  properties  and  separates 
clusters  with  dissimilar  properties. 

Problems  or  areas  which  need  further  investigation 
include:  1)  improved  model  for  image  degradation,  2)  use 
of  hierarchical  preprocessing  techniques,  3)  image  or 
context  dependent  methods,  4)  develop  or  modify  preprocessing 
techniques,  5)  expand  the  capability  of  reg i o n-growi ng 
techniques,  and  6)  develop  higher  degree  of  user  inter- 
action in  the  segmentation  process. 

VI.  INFORMATION  EXTRACTION 

This  section  and  the  one  following  both  deal  with  the 
extraction  or  generation  of  features  or  characteristics 
of  the  image.  This  section  considers  the  general  charac- 
teristics, still  having  image  connotation  or  relation  - to 
be  placed  on  a display  for  viewing  or  modification,  a 
kind  of  reduced  image.  These  characteristics  can  be  used 
for  image  description  or  for  pattern  discrimination.  The 
next  section  deals  more  directly  with  generating  features 
for  discrimination  or  recognition  purposes,  although 
there  is  certainly  overlap  in  the  subject  areas  and 
techniques  discussed.  Here,  a distinction  is  made 
between  "basic"  characteristics  and  complete  or  con- 
structed ones.  The  basic  characteristics  or  elements 
include  finding  edges,  curves,  arcs,  streaks,  contours, 
and  the  like;  associated  with  these  features  are  their 
descript ions-straightness,  slope,  length,  end  points, 
convex  or  concave,  etc.  Edges,  for  example,  can  be  found 
by  gradiants,  the  Laplacian,  transforms  (Hueckel),  image 
differences,  and  image  matching  (correlation).  These 
properties  depend  upon  local  area  characteristics  of  the 
image,  rather  than  on  point-to-point  differences  (depending 
on  the  window  size).  When  this  information  is  put  together, 
one  nas  segments  or  "blobs",  which  are  useful  for  image 
description  and  discrimination  later  step).  Thus,  this 
process  overlaps  that  of  segmentation.  This  "putting 
together"  process  involves  such  pnacedures  as  edge 


following,  completing  streaks,  and  the  like.  One  approach 
to  information  extraction  for  segmentation  or  generating 
features  is  texture-complex  visual  patterns  consisting  of 
repeated  entities  or  subpatterns  and  having  characteristics 
such  as  brightness,  color,  and  slope.  Texture  is  a visual 
concept  employed  by  humans  to  discriminate  between  "dissimilar" 
surfaces  and  to  detect  "similar"  surfaces.  To  describe 
texture  for  automated  digital  image  processing,  there  are 
basically  two  approaches  to  describing  it:  1)  local  statistics 
and  2)  a structural  description.  There  has  been  much  effort 
devoted  to  the  development  of  useful  texture  measurements. 
Texture  is  as  much  a similarity  measure  as  one  for  discrimina- 
tion; that  is,  if  two  areas  in  an  image  seem  to  have  the 
same  visual  texture,  then  the  measurements  that  describe  it 
should  be  the  same  (cluster),  while,  two  different  visual 
textures  should  yield  two  separated  measurement  vectors. 

Texture  can  be  used  for  region  growing  as  a part  of  a split 
and  merge  procedure,  and  for  image  edge  detection.  Texture 
has  appeared  to  be  highly  effective  on  some  imagery  (e.g., 
medical  images).  The  structural  approach  is  based  on  1) 
placement  rules  or  a generative  grammar  and  2)  use  of 
Fourier  harmonics  or  transform  codes  to  represent  texture. 

The'  statistical  approach  is  based  on  1)  power  spectrum 
(or  autocorrelation),  2)  gray-level  statistics,  local 
feature  statistics  of  gray  levels,  and  3)  local  Markov 
properties.  Some  descriptions  are  very  complex  and  require 
substantial  computation  time. 

A technique  of  basic  information  extraction  which  could 
lead  to  segmentation  is  relaxation  labeling,  a technique 
of  labeling  or  assigning  a meaning  (or  object  class)  to 
nodes,  edges,  and  boundary  sections,  and  then  generating 
segments  based  on  iterating  this  method  and  relabeling. 

After  segmentation,  the  next  step  or  level  is  to  group 
segments  as  to,  for  example,  nearness,  direction  from  one 
to  another,  and  containment  which  represent  a local  context 
idea.  This  can  also  include  grouping  segments  together 
to  form  more  complex  defined  objects.  Information 
extracted  for  pattern  recognition  purposes  can  be  treated 
by  using  a syntactical  description.  In  this  approach, 
areas,  or  image  segments  are  represented  by  "sentences"  of 
a language  and  characterized  by  a grammar.  Examples  of 
picture  languages  includes  webs,  arrays,  graphs,  and 
trees  (line  drawings).  There  has  been  an  increasing 
interest  in  the  study  of  the  properties  and  parsing 
algorithms  for  higher-dimensional  languages.  A language 
that  can  handle  strings  in  a one-dimensional  description 
may  be  extended  to  higher  dimensions  to  treat  trees. 
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This  approach  has  been  used  for  shape  recognition.  Geometric 
properties  can  contribute  to  an  information  base  for  the 
purpose  of  building-up  "related"  segments;  these  properties 
include  shape,  size  and  distance.  Segmentation  can  assume 
the  form  of  "skeletons".  Picture  suDsets  (segments)  can  be 
increased  or  decreased  in  size  through  the  operationa  of 
propagation  and  shrinking,  methods  which  are  amerable  to 
parallel  computation.  Additional  information  which  can  be 
extracted  from  an  image  include  directionality  and  slope 
oi  lines,  "cross-section"  information  and  the  results  of 
applying  "thinning"  operations. 


One  area  proposed  for  further  investigation  is  texture: 

1)  relate  texture  measurements  to  image  scale,  resolution 
and  other  factors,  2)  develop  texture  measurements  to  more 
effectively  discriminate  "different"  textures  and  cluster 
"similar"  textures,  and  3)  develop  an  effective  means  to 
apply  texture  classification  to  an  entire  ( non-segmented ) 
image.  Another  area  concerns  providing  a greater  inter- 
action between  man  and  machine  during  the  information 
extraction  stage.  A third  area  proposed  for  investigation 
would  define  the  required  information  or  measurements  and 
associated  limitations  for  identifying  lineal  features 
(roads,  creeks,  etc).  Additional  areas  concern  1)  greater 
use  of  global  context  for  extended  objectives,  2)  dependence 
of  the  information  extracted  on  the  form  and  source  of  the 
imagery,  3)  investigate  the  extraction  of  normalized  in- 
formation-information which  tends  to  be  insensitive  to 
certain  classes  of  image  variations,  4)  investigate  the 
increased  use  of  stereo  and  color  imagery,  5)  provide  for 
more  systematic  extraction  of  information,  and  6)  explore 
the  potential  of  utilizing  knowledge  about  the  human 
visual  system  for  digital  image  processing. 


VII.  INFORMATION  MAN  I PULATI ON/ FEATURE  GENERATION 


This  section  deals  with  a further  step  in  the  image 
processing  sequence  leading  toward  image  analysis.  The 
input  to  this  stage  is  image  segments  (computer  or  man 
extracted),  or  outputs  from  preprocessing  (even  from  a 
transformed  image  or  an  equivalent  form).  The  outputs 
from  this  stage  are  features  or  measurements  that  are, 
in  a sense,  a summary  or  "average"  of  image  properties 
in  a more  abstract  form.  These  features  can  be  used 
as  a summary  of  imagery  for  the  final  user,  the  particular 


features  depending  on  the  nature  of  the  classification  (i.e. 
objects,  land-use,  or  the  like),  the  type  of  imagery,  and 
the  needs  of  the  user.  Such  results  would  usually  include 
classifications  resulting  from  the  decision  process,  the 
subject  of  the  next  section.  The  second  major  use  of 
features  is  for  pattern  recogni tion-to  discriminate  between 
objects,  area  types,  line  characteristics  or  any  other 
defined  pattern  classes.  A set  of  measurements  can  be 
represented  by  a vector,  [](  * . . . xj  ' . There  have 

been  numerous  efforts  devoted  to  pattern  recogni ti on , not 
only  as  it  might  apply  to  image  patterns,  but  to  various 
pattern  recognition  probl ems-s peech , alpha-numeric 
characterics  and  medical  diagnosis  are  examples.  Here, 
the  major  topic  of  interest  is  the  generation  of  "useful" 
features-  features  which  can  be  used  to  effectively 
discriminate  among  image  pattern  classes.  It  is  assumed 
that  a set  of  meaningful  classes  or  patterns  has  been 
defined;  examples  include  soils,  land-use,  and  military 
targets;  this  analysis  may  also  include  a "reject"  class. 
Features  must  be  defined  or  chosen  not  for  the  represen- 
tation of  defined  pattern  classes,  but  rather  for  the 
effective  discrimination  among  defined  pattern  classes 
whether  for  the  human  decision  maker  or  for  computer- 
aided  decision  making.  However,  in  general,  the  features 
used  by  these  two  decision  makers  will  not  be  the  same. 
Whatever  form  the  decision  maker  or  process  may  assume, 
the  ultimate  effectiveness  or  usefulness  of  features 
would  be  determined  by  the  "hit-rate"  (maximize)  or  "miss" 
rate  (minimize).  The  problems  involved  in  achieving 
this  are  non-trivial.  The  decision  structure  and  the 
features  selected  as  inputs  to  the  decision  process  must 
be  considered  together.  A significant  concern  is  the  form 
of  the  f ea tures-s ta t i s ti ca 1 , structural,  transform 
coefficients,  or  even  local  pixel  characteristics.  In 
general,  mixtures  of  these  feature  types  are  not  used, 
but  a hierarchical  utilization  of  different  feature 
types  could  be  considered.  The  choice  of  a feature  type 
depends  on  the  type  of  imagery,  the  defined  pattern 
classes,  and  on  the  final  application.  Use  of  features 
based  on  structure  is  represented  bya syn tacti ca 1 approach, 
either  using  a "grammer"  or  a template  to  match  the 
pattern  through  correlation.  This  approach  is  essentially 
non-numeric  (at  feature  level).  The  use  of  statistical 
methods  opens-up  a very  large  set  of  data  manipulation 
techniques  which  can  be  applied.  The  choice  of  such 
techniques  depends  on  the  computational  speeds,  nature 
of  the  data,  size  of  the  data  base  and  prior  knowledge 
and  assumptions  concerning  the  defined  pattern  classes. 


As  a source  of  information,  texture  can  be  defined  by  a 
structural  description  or  by  a set  of  statistics  such 
as  mean,  variance,  second-order  statistics  and  the  like. 

Data  manipulation  techniques  include  the  following: 
generating  first-  and  second-order  statistics  as  well 
as  higher-order  statistics,  reduction  of  dimensionality 
through  various  means,  parameter  estimation,  clustering, 
and  restructuring.  Feature  selection  and  ordering  are 
important  here;  that  is,  from  a large  number  of  features, 
which  features  should  be  used  first  and  in  what  order,  if 
used  one  at  a time.  This  sequential  approach  to  feature 
selection  and  utilizatjon  is  cost  sensitive;  it  is  assumed 
that  it  costs  more  in  some  sense  to  measure  and  utilize 
additional  features  for  the  decision  process.  The  cost 
may  be  a function  of  the  individual  features  chosen. 

In  general,  it  must  be  assumed  that  the  features  are 
mutually  statistically  dependent,  techniques  for  dealing 
with  measurements  of  this  type  and  with  the  corresponding 
data  base  involve  mu  1 ti - v a r i abl e methods.  Such  features 
can  be  de-correlated  but  cannot  be  made  statistically 
independent  (in  general).  Such  features  contain,  in  some 
sense,  redundant  information  but  are  useful  to  distinguish 
classes  that  are  "close".  More  effective  use  of  features 
for  pattern  classification  can  be  obtained  by  combining 
the  feature  selection/ordering  process  and  the  decision 
process.  Although  the  ultimate  measure  of  feature  effect- 
iveness is  the  recognition  performance,  it  is  useful 
to  approach  the  feature  selection/ordering  in  an  indirect 
manner,  i.e.,  by  evaluating  measures  of  how  well  data  from 
different  pattern  classes  is  separated  and  how  close  data 
is  when  it  arises  from  the  same  pattern  class.  These 
measures  include  mean  and  variance,  divergence,  eigenvalues 
of  the  Wilkes-Bartlett  matrix,  and  the  like.  Data 
representation  is  also  important  here;  for  example,  in  some 
situations,  features  are  best  represented  by  using  a 
nomative  scale  (qualitative  data),  which  cannot  oe  ranked. 
This  type  of  data  requires  special  techniques  for  analysis 
and  subsequent  decision  making  such  as  contingency  tables 
and  the  like.  A common  feature  to  use  in  imagery  is  shape; 
the  descriptors  used  for  shape  include  perineter  length,  ' 
chain  coding  a boundary,  end-points  of  lines,  arcs,  nodes, 
and  "blobs".  Additional  descriptors  include  slope  versus 
arc  length,  and  the  distribution  of  sizes  and  shapes 
of  convex  hulls.  Feature  effectiveness  is  measured  by 
1)  intra class  invariance,  2)  interclass  sensitivity, 

3)  amount  of  storage,  4)  cost  of  feature  generation,  and 
5)  rel  i abi  1 i ty/ preci s i on . Some  classes  of  features  retain 
a meaning  for  the  human  observer  in  terms  of  the  original 
image;  this  is  reifereation.  An  example  of  this  can  oe  found 
in  the  use  of  chord  statistics  and  slope  density.  On  the 
other  hand,  syntactic  descriptors  provide  descriptions  of 
spatial  relations  among  objects  in  an  image  and  descriptors 
are  highly  dependent  on  the  nature  of  the  imagery  and 
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hierarchical  structure  for  feature  selection  and  utilization 
to  contribute  a greater  degree  of  interaction  between  human 
and  computer.  The  basic  syntactic  descriptors  are  highly 
dependent  on  the  nature  of  the  imagery  and  the  corresponding 
defined  pattern  classes. 

Areas  proposed  for  further  investigation  include  the 
following:  1)  explore  feature  selection  techniques  as  they 
apply  to  syntactic  features,  2)  explore  use  of  qualitative 
data  for  defining  feature  space,  3)  investigate  consequences 
of  the  mul ti -vari ate  dependent  feature  situation,  4)  how 
can  the  situation  in  3)  be  treated,  5)  develop  more 
effective  textures,  and  6)  explore  the  use  of  features 
defined  by  a human  for  effective  pattern  classification. 

VIII.  THE  DECISION  PROCESS 

In  a sense,  the  decision  process  represents  the  last 
step  in  the  image  analysis  chain,  its  input  is  a set  of 
features  while  its  output  is  a decision  (class).  This 
output  can  represent  a single  decision  or  pattern  class 
or  a set  of  decisions.  There  is  a substantial  body  of 
literature  on  decision  processes,  pattern  recognition, 
and  in  particular  image  pattern  recognition  or  classifica- 
tion. Decisions  made  on  the  basis  of  features  extracted 
from  images  would  (hopefully)  lead  to  i nterpretations 
consistent  with  the  original  image  (source).  Decision 
schemes  can  be  classified  in  different  ways:  parametric 
or  non-parametric , fixed  or  sequential  use  of  features 
(measurements),  fixed  structure  or  self-optimizing  and 
qualitative  measurements  or  quantitative  measurements 
as  input.  Parametric  schemes  are  based  on  using  known 
or  estimated  parameters  to  determine  decision  boundaries; 
such  boundaries  may  be  linear  or  non-linear.  A classic 
example  of  a parametric  decision  scheme  is  Bayes  decision 
rule  using  given  or  estimated  parameters.  Non-parametric 
techniques  do  not  use  these  statistics  but  rather,  are 
based  on  metric  properties  of  feature  space;  a well-known 
example  of  this  is  the  nearest  k-neighbor  decision  rule. 
Fixed  or  sequential  use  of  measurements  distinguishes 
between  decision  schemes  which  render  a decision  only 
after  all  features  are  presented  at  one  time  and  schemes 
which  utilize  features,  one  at  a time  to  sequentially 
eliminate  unlikely  decisions  until  a final  decision  is 
reached.  Sequential  schemes  are  much  more  powerful, 
efficient  and  flexible  than  fixed  schemes.  In  addition, 
such  sequential  decision  schemes  make  more  efficient 
use  of  the  information  extracted  from  features  and 
computational  resources.  Furthermore,  a sequential 


decision  scheme  can  allow  for  the  direct  interaction  of  the 
human  with  the  decision  process  as  it  is  being  applied. 

A classical  example  of  this  is  the  sequential  Bayes  decision 
scheme,  the  SPRT  (sequential  probability  ratio  test)  and 
the  GSPRT  (generalized  SPRT).  The  GSPRT  is  used  to  sequent- 
ially eliminate  pattern  classes  from  consideration  while 
achieving  a predetermined  error  rate  when  the  final  decision 
is  made.  Various  extensions  of  this  method  include  variable 
decision  (reject)  boundaries  and  the  application  of  dynamic 
programming  to  optimize  the  feature  sel ecti o n/ reco gn i ti o n 
error  problem.  This  will  lead  to  a tree-like  decision 
structure.  A more  complex  decision  tree  structure  could 
be  applied  to  the  image  pattern  classification  problem. 

This  tree  consists  of  several  levels;  at  each  level,  there 
is  a number  of  nodes,  each  representing  a set  of  decisions 
(proper  subsets  of  the  set  of  all  pattern  classes).  The 
single  node  at  the  highest  level  contains  all  pattern 
classes  and  is  the  starting  point  for  the  sequential 
decision  scheme.  Nodes  are  connected  by  directed  branches, 
each  branch  corresponding  to  the  use  of  a feature  (value); 
branches  are  directed  downwards  in  a decision  structure. 

As  feature  information  is  received,  the  decision  process 
moves  downward  in  the  tree.  This  tree  structure  has  the 
following  properties/advantages. 

1)  the  structure  allows  for  the  trade-off  of  the  size  and 
composition  of  the  decision  set  at  the  terminal  node  and  the 
recognition  error. 

2)  the  human  observor  can  n°i-only  observe  the  current 
decision  set  but  can,  as  a consequence,  select  the  next 
feature  to  be  utilized  in  the  decision  process. 

3)  the  decision  can  be  terminated  at  any  node;  then,  the 
corresponding  decision  node  (set)  would  represent  the  final 
classification  decisions. 

4)  the  tree  structure  implements  Bayes  decision  rule  in 
sequential  form;  at  the  terminal  node,  a probability  of  recog- 
nition can  be  assigned  to  each  of  the  decision  classes  in  the 
terminal  decision  node. 

Item  2)  of  this  list  is  particularly  useful  when,  in  general, 
the  features  are  statistically  dependent  and  the  joint 
distributions  are  not  available.  Such  a decision  structure 
Is  particularly  amenable  to  qualitative  features;  a qualitative 
feature  has  values  that  occur  as  categories  rather  than  as 
numbers;  they  are  non-rankabl e . Then,  each  branch  in  the 
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sequential  decision  structure  corresponds  to  one  category. 

Di screte-val ued  measurements  or  analog  measurements  can 
easily  be  converted  to  qualitative  form.  Returning  to  the 
general  discussion  of  decision  schemes,  a self-optimizing 
decision  structure  has  the  ability  to  change  its  own 
structure  in  seeking  improved  or  optimal  performance  (in 
classification)  as  a result  of  receiving  appropriate  input 
information.  This  information  consists  of  features  or 
measurements  and  feedback  information.  The  feedback  infor- 
mation comes  either  from  the  observer  who  is  interacting  with 
the  decision  process  or  from  the  output  of  the  decision 
process  itself  (decision-directed).  The  feedback  information 
represents  a measure  of  correct  classification,  that  is, 
training  information.  With  the  features  available,  the 
decision  scheme  utilizes  the  feedback  information  to  alter 
its  decision  parameters  in  such  a way  that  recognition 
performance  will  be  improved;  a continual  improvement  in 
performance  will  lead  to  optimal  conditions.  Some  self- 
optimizing  decision  schemes  can  perform  these  functions 
in  an  on-line  mode.  This  structure  is  particularly 
applicable  to  situations  in  which  there  is  little  or 
limited  prior  information  concerning  the  pattern  classes. 

In  addition,  a decision  scheme  with  settable  decision 
parameters  would  allow  the  observer  to  intervene  directly 
in  the  decision  process  to  tune  these  parameters  for 
optimal  recognition  accuracy  and  select  the  best  features 
relative  to  recognition  performance.  Dayes  decision  rule 
is  the  only  optimal  decision  scheme  which  can  be  applied 
to  category-valued  (qualitative)  features  because  it  is 
more  fundamental  than  other  schemes  and  in  fact,  serves 
as  a lower  limit  on  recognition  error  for  other  decision 
schemes.  As  indicated  previously,  a large  number  of 
dependent  features  presents  a very  difficult  problem 
not  only  because  the  decision  scheme  is  more  complex 
but  also  because  the  estimation  of  joint  probabilities 
for  the  decision  process  would  require  a very 
large  data  base.  Other  decision  schemes  would  include 
the  use  of  or der- s ta t i s ti cs  to  yield  a d i s t r i bu ti on- f ree 
decision  scheme  and  the  use  of  fuzzy  sets.  There  is  a 
number  of  mathematical  techniques  that  has  not  been 
fully  exploited  for  their  applications  to  feature  selection 
and  decision  processes;  these  techniques  include  factor 
analysis,  use  of  contingency  tables  and  the  like. 


Areas  proposed  for  further  investigation  and  development 
are;  1)  exploitation  of  sequential  decision  techniques  in 
image  pattern  recognition,  2)  develop  an  interactive  mode 
for  observer  and  DIP  system  to  allow  the  observer  to  tune 
the  decision  parameters  during  a training  mode  and  to 
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monitor  and  guide  the  sequential  decision  process  as  it 
operates,  say  choosing  the  sequence  of  measurements,  3) 
explore  the  value  of  using  man-extracted  measurements  in 
a sequential  decision  mode,  4)  investigate  ways  to  treat 
features  more  than  two  at  a time,  5)  explore  the  possibility 
of  using  non-parametri c decision  schemes  in  the  present 
DIP  system  configuration,  5)  explore  the  expanded  use  of 
qualitative  data  to  represent  images,  and  7)  investigate 
the  relationship  of  basic  image  data  or  information  to  the 
parameters  of  the  decision  process. 

IX.  USER  INTERACTION/DISPLAY 

A significant  factor  in  the  design  and  use  of  an 
image  processing  system  is  the  interaction  or  interface 
between  the  system  and  user/observer.  The  modes  of 
interaction  between  user/observer  and  the  DIP  system 
essentially  depend  on  the  objectives  of  the  digital 
image  processing  facility;  there  are  few  standards  to 
provide  guidance  in  the  design  of  this  interface.  It  is 
assumed  here  that  the  facility  is  to  be  used  for  design, 
development,  testing  and  evaluation  of  DIP  techniques 
(mostly  software)  and  limited  hardware  (modular)  testing. 
Users  of  such  a system  could  be  classified  as  an  end 
user  (applies  existing  techniques  to  "new"  imagery)  and 
investigator/designers  (design  and  evaluation  of 
new  techniques).  In  a general  way,  the  functions  or 
options  that  a user/investigator  might  like  to  have  in 
an  interactive  DIP  system  include  the  following: 

1)  Monitoring  the  original  input  imagery. 

2)  Observation  and  manipulation  of  input  images. 

3)  Monitoring  of  processed  or  generated  images. 

4)  Multi-user  environment  using  intelligent  terminals. 

5)  Foreground/background  capability;  processing  in  the 
foreground  and  program  development  in  the  background. 

6)  Call-up  a wide  variety  of  digital  image  processing 
techniques. 

7)  Link-up  processing  routines  as  subroutines  into  a 
program  to  apply  to  imagery  in  a observer  intervention 
mode;  with  status  tracking. 


8)  Access  to  large  image  files,  results  files  (memory) 
and  terminal  buffer  memories. 

9)  Ability  to  modify  existing  image  processing  sub- 
routines and  store  in  temporary  memory. 

10)  Interactive  design  of  image  processing  techniques. 

11)  Interactive  application  of  decision  trees  and  feature 
sel ecti on . 

12)  Interactive  graphics. 

13)  Use  of  black  and  white,  color,  and  stereo  imagery. 

14)  Control  of  scale  and  resolution. 

15)  Generate  software  in  hardcopy  form  for  trans portabi 1 i ty . 

16)  Availability  of  image  processing  functions  in  near 
real -time. 

Other  desirable  characteristics  for  the  overall  DIP 
system  include  a hardcopy  output  of  alphanumeric  results 
and  processed  imagery,  use  of  a high-level  language  for 
power  and  flexibility,  provision  for  image  transmission 
and  reception  to  and  from  a remote  site,  and  provision 
for  a scanner  input.  The  most  important  interface  between 
man  and  machine  in  a DIP  system  is  the  image  display  unit. 

For  such  a unit,  it  is  desired  to  have  more  flexibility, 
intelligence  and  responsiveness.  Display  functions  should 
include  the  following: 

1)  Control,  in  near  r'eal-time,  of  the  processing  of 
data  arrays  (images)  in  a manner  similar  to  that  performed 
by  function  memories  now. 

2)  Retain  and  process  multiple  copies  of  data  arrays. 

3)  Ratio  imaging  and  display. 

4)  Multiple  simultaneous  displays;  stereo 

5)  Interactive  real-time  convolution 

6)  Handle  large  data  arrays,  256  x 256  up  to  4,000  x 
4,000;  high  resolution  . 

7)  Interactive  zoom  and  roam. 

8)  Wide  dynamic  range;  at  least  8 bits/pixel. 

9)  Interactive  graphics:  joystick,  trackball,  light-pen, 
sonic  tablet,  and  direct  input  (pointing). 


10)  Programmable  display  functions. 

11)  Variable  displayed  resolution. 


12)  Rapid  traversing  of  data  arrays  larger  than  display 
area . 

13)  Dynamic  image  presentation 

14)  Stand-alone  capability;  refresh,  storage  (4  image 
planes,  B&W,  or  2 color),  temporary  image  files,  combining 
logic,  special  function  logic,  16-bit  cpu  processor  control, 
4 graphic  planes,  ROM  memory  for  rapid  look-up. 

15)  Generate  arbitrary  boundary  image  mosaics  from  2 
or  more  images. 

16)  Multi-image  overlays. 

17)  Multiple  (color)  interactive  graphic  overlays  or 
repl acement . 

18)  Access  to  host  computer  from  same  terminal. 

19)  Status  tracking 

In  the  design  of  such  an  interactive  display  system,  one 
must  consider  the  image  chain  and  the  display/user  variables 
including  visual  acuity,  visual  field,  viewing  distance, 
magnification,  scene  contrast,  luminance  and  color,  object 
size,  shape,  orientation  and  position  to  which  the  observer 
is  directed,  background  luminance,  noise,  observer  charac- 
teristics, and  eye  and  head  movements. 

Areas  proposed  for  further  investigation  are  1)  develop 
a set  of  requirements  for  a future  digital  image  processing 
system,  2)  investigate  the  corresponding  hardware  and 
software  capabilities  and  trade-offs  to  meet  the  require- 
ments of  1)  and  3)  explore  the  capabilities  of  displays 
other  than  the  CRT. 

X.  EXTENTED  CAPABILITIES 

The  objective  of  this  section  is  to  present  some 
extensions  of  the  functions  that  are  commonly  connected 
with  a digital  image  processing  or  analysis  system.  The 
first  one  of  thsse  deals  with  expanding  the  capability 
of  change  detection,  an  ability  to  detect  changes  from 
one  image  to  another  of  the  same  scene.  To  accomplish 
this  more  effectively,  one  needs  a larger  memory  to 
store  "past"  and  "present"  imagery,  an  ability  to  change 
scale  and  warp  an  image,  and  register  two  or  more  images 
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accurately.  This  problem  has  overlap  with  another  need-to- 
combine  the  intelligence  from  different  image  sensors  in  a 
reliable  manner  on  the  same  scene.  Related  to  this  problem 
is  that  of  utilizing  not  only  direct  imagery  but  the  reliable 
use  of  auxiliary  information  from  other  sources  and  integrate 
all  of  the  information  into  one  "picture." 

Usually  for  the  feature  extraction/decision  process 
portion  of  a DIP  system,  the  resulting  decision  class 
refers  to  objects,  textures,  and  the  like,  a passive 
decision.  Change  detection  over  many  images  can  lead  to 
a predictive  capability,  i.e.,  what  would  the  scene  be  at 
the  next  sensing?  This  should  be  investigated  as  a viable 
extension.  A related  extension  is  that,  in  addition  to 
classifying  or  identifying  objects,  texture  classes,  etc., 
identify  situations,  such  as  a conflict  situation,  a 
battle  situation,  and  the  like.  This  would  involve  a much 
greater  use  of  image  context  (and  perhaps  ancillary  infor- 
mation) than  in  the  past. 

Another  approach  to  the  effective  use  of  existing 
features  is  their  use  in  prediction;  by  way  of  example, 
in  the  diagnosis  of  bone  tumors,  the  radiologist  employs 
a set  of  x-ray  findings  to  not  only  make  a diagnosis 
(decision),  but  a subset  of  these  findings  are  used  to 
predict  the  probability  of  5-year  survival,  which  is  a 
prediction.  Thus,  a careful  choice  of  features  will 
allow  a limited  amount  of  predictive  capability,  this 
capability  should  be  explored  for  the  type  of  imagery 
discussed  in  this  report. 

The  systems  and  techniques  discussed  in  previous 
sections  are  essentially  passive;  an  extension  of  this 
concerns  active  systems-the  ability  to  generate  a 
follow-up  image,  an  almost  continuous  change  in  scale, 
and  an  ability  to  change  the  apparent  viewing  angle. 

Beyond  this,  an  image  could  be  imbedded  into  a game  tree, 
in  which  as  a result  of  image  analysis,  a scene  or  part 
of  a scene  is  classified;  as  a result,  an  action  is 
proposed  (response);  the  system  would  respond  by  generating 
in  an  active  mode  a scenario  to  that  action,  or  a set  of 
possible  scenarios,  in  terms  of  the  expected  imagery;  this 
could  be  repeated  in  the  framework  of  a natural  sequential 
game . 
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XI.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  fundamental  characteristics  of  a digital  image 
processing  facility  have  been  partitioned  into  the 
following  overlapping  areas:  1)  hardware  and  software, 

2)  data  representation/input,  3)  preprocessing,  4)  information 
extraction,  5)  information  manipulation/feature  generation, 

6)  decision  processes,  7)  user  interaction/display,  and  3) 
extended  capability.  For  each  area,  a number  of  techniques 
or  characteristics  would  contribute  significantly  to  the 
development  of  an  advanced  digital  image  processing 
facility.  Such  a facility  would  provide  for  an  increase 
in  the  level  and  extent  of  image  exploitation. 

A number  of  recommendations  have  been  made  concerning 
problems  or  areas  requiring  further  study  or  development. 

These  recommendations  can  be  designated  as  short  term 
(for  current  or  near  future  systems)  and  long  term  (for 
"far"  future  systems).  These  recommendations  are  summarized 
below. 


Short  Term 

1.  Establish  multi-user  environment  using  intelligent 
terminals. 

2.  Allow  for  foreground/background  operation. 

3.  Allow  for  transportability  of  software. 

4.  Utilize  a higher-level  language. 

5.  Utilize  existing  image  processing  software  as  sub-routines 
to  build  programs. 

6.  Increase  the  level  of  interaction  of  the  operator  during 
the  test/evaluation  phase. 

7.  Expand  the  capability  of  the  reg i o n-growi ng  method. 

8.  Expand  the  repertoire  of  image  processing  sub-routines. 

9.  Establish  a hierarchical  approach  to  image  preprocessing. 

10.  Explore  the  more  extensive  use  of  stereo  imagery  and 
use  of  pseudo-color. 

11.  Develop  an  interactive  training  mode  for  feature 
extraction  and  decision-making. 


12.  Develop  additional  software  to  support  graphics. 

13.  Add  light-pen  or  sonic  tablet  capability. 

14.  Evaluate  the  use  of  syntactical  image  analysis. 

Long  Term 

1.  Develop  hardware  (firmware)  to  perform  special  image 
processing  functions. 

2.  Explore  use  of  a multiprocessor  environment  for  digital 
image  processing. 

3.  Explore  the  use  of  a special  image  processing  software. 

4.  Extend  present  development  in  image  data  compression. 

5.  Develop  better  models  for  image  degradation. 

6.  Exploit  image  context  to  a greater  extent. 

7.  Develop  hierarchical  techniques  for  digital  image 
processing. 

8.  Investigate  technologies  for  mass  storage  of  high 
resolution  imagery. 

9.  Develop  more  effective  measures  of  texture. 

10.  Explore  techniques  for  image  pattern  recognition  of 
lineal  features. 

11.  Explore  how  the  functions  of  the  human  visual  system 
might  be  carried  over  to  automated  image  processing. 

12.  Develop  and  test  sequential  decision  procedures  that 
are  more  flexible  (and  optimal). 

13.  Investigate  the  use  of  operator  extracted  features  to 
be  used  for  image  pattern  recognition. 

14.  Develop  algorithms  that  allow  for  on-line  training  mode 
for  the  feature  extraction  and  decision  processes. 

15.  Explore  use  of  qualitative  image  data  for  feature  genera- 
tion and  decision  making. 


16.  Oevelop  procedures  to  be  able  to  handle  mul ti -dimensi onal 
dependent  features. 

17.  Explore  development  of  methods  for  extracting  normalized 
image  information  (less  sensitive  to  variations.). 

18.  Explore  the  use  of  digital  image  processing  in  a predictive 
mode. 
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12.  Develop  additional  software  to  support  graphics. 

13.  Add  light-pen  or  sonic  tablet  capability. 
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1.  Develop  hardware  (firmware)  to  perform  special  image 
processing  functions. 
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image  processing. 
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4.  Extend  present  development  in  image  data  compression. 
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resolution  imagery. 
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12.  Develop  and  test  sequential  decision  procedures  that 
are  more  flexible  (and  optimal). 

13.  Investigate  the  use  of  operator  extracted  features  to 
be  used  for  image  pattern  recognition. 

14.  Oevelop  algorithms  that  allow  for  on-line  training  mode 
for  the  feature  extraction  and  decision  processes. 

15.  Explore  use  of  qualitative  image  data  for  feature  genera- 
tion and  decision  making. 
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ABSTRACT 


This  paper  entails  the  study  of  methods  and  procedures 
for  Multiple-Channel  Radar  Clutter  Suppression,  with  emphasis 
on  Radar  Polarization  Processes. 

The  choice  of  proper  and  applicable  target-clutter  models 
and  their  mathematical  representation,  play  a very  important 
role  for  the  optimal  filter  design.  The  analytical  manipula- 
tion of  these  models  will,  in  fact,  serve  the  purpose  of 
derivation  of  their  related  optimum  receive  filter  for  a variety 
of  transmit  waveforms. 

The  case  of  elements  of  the  transmit  vectors  would  range 
from  correlated  to  uncorrelated  (disjoint).  Additionally, 
the  scattering  matrix  formulation  is  introduced  in  terms  of 
directional  vectors  and  directional  transformation  matrices. 

The  field  backscattered  from  a target  for  an  arbitrarily 
polarized  transmitted  wave,  is  also  specified  using  [5]  complex 
scattering  matrix  formulations. 

A noteworthy  aspect  of  the  scattering  matrix  formulation 
is  the  fact  that  the  transmitted  wave  and  the  back-scattered 
wave  are  traveling  in  opposite  directions.  Thus,  a three- 
dimensional  problem  is  being  characterized  with  only  two 
dimensions . 

The  mul tiple -channe 1 concepts  are  in  direct  relation  to 
a single  channel  system;  hence  the  compatibility  of  the  chosen 
models  can  be  ascertained  through  their  evaluation  with  respect 
to  conventional  polarization  processes. 

In  the  case  of  our  model,  the  choice  of  the  transmit 
vector  can  be  assumed  to  be  an  optimal  waveform.  This  will 
partially  ease  the  final  formulation  and  solution  of  the  optimal- 
filter  equation. 


I.  INTRODUCTION 

A backscatter  radar  environment  is  a stochastic  phenomena 
having  properties  associated  with  Doppler,  range  and  electro- 
magnetic scattering  (polarization  scattering  matrix) . The 
environment  consists  of  undesired  (clutter)  scatterers  and 
desired  (target)  scatterers,  each  having  its  own  character- 
istic Doppler,  range  and  polarization  properties.  Clutter  is 
defined  as  a conglomeration  of  unwanted  radar  echoes  [6].  The 
name  is  descriptive  of  the  fact  that  such  echoes  "clutter” 
the  radar  display  and  make  difficult  the  recognition  of  wanted 
echo  signals.  To  a radar  searching  for  aircraft  targets, 
clutter  echoes  include  reflections  from  trees,  vegetation,  hills, 
man-made  structures,  and  the  surface  of  the  sea. 

Another  clutter  target  is  chaff,  which  consists  of  many 
small  pieces  of  reflecting  material,  usually  aluminum,  delib- 
erately released  by  a hostile  aircraft  to  simulate  a real 
aircraft  target  and  confuse  military  radar  defenses.  Chaff  is 
similar  in  some  respects  to  other  forms  of  clutter  and  their 
related  model  is  a dipole.  The  model  used  in  our  case  will 
satisfy  all  conditions  of  a dipole. 

For  a multiple-channel  system  the  transmit  waveform  is  a 
vector  and  the  scattering  function  is  a tensor  of  grade  four. 

As  indicated  by  several  investigators  [3,4],  the  parameters 
within  the  tensors  are  time  averaged  but  Doppler  and  range 
spread  correlations  are  not  considered. 

The  application  of  the  opt imi zation  [1 ] theory  and  its 
approaches,  is  used  to  analytically  solve  those  sets  of  equations 
pertaining  to  the  design  of  a radar  system  optimized  over  a 
set  of  radar  environmental  factors.  The  latter  include  the 
clutter  scattering  function  on  the  transmit  waveform,  which  is 
directly  related  to  an  autocovariance  function  of  the  noise 
resulting  from  the  backscattered  clutter  with  the  transmitted 
incident  wiveform  factored  and  deconvolved  out[2]. 

It  has  been  also  shown  [4]  that  some  beneficial  results  can 
be  derived  by  controlling  the  transmitted  and  receiving  polar- 
ization waveforms,  with  respect  to  target  discrimination,  in 
order  to  take  advantage  of  the  degree  of  coherence  of  the  signals 
in  the  receiving  channels. 
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The  general  direction  of  this  project  is  an  extension  of 
existing  concepts  and  for  the  purpose  of  final  solutions  the 
following  set  of  informations  should  be  dwelled  upon  and  used: 

a.  The  statistical  model  for  the  doubly  spread  scatterer 
for  a two-channel  (polarization)  radar. 

b.  An  approach  for  optimal  waveform  design  using  this  model. 


c.  The  model  for  the  ambiguity  tensor  function  for  a two- 
channel  system. 

d.  Optimum  receiver  for  a two-channel  system. 

e.  System  performance  and  evaluation. 


It  must  be  underlined  that  because  a radar  backscattering 
environment  can  be  represented  by  a statistically  time  and  range 
varying  polarization  scattering  matrix,  its  model  can  therefore 
be  safely  used  for  the  target  as  well  as  for  the  clutter. 

A.  SINGLE -CHANNEL  PROCESSES 

The  understanding  of  the  polarization  process  cases  is  based 
upon  a brief  review  of  the  basic  equations  describing  the  signal 
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• xt  \ 


h (t)  = f (T  - T ) 


Matched  Filter  Receiver 


Modulation  Receiver 


■ 


When  modeling  the  clutter,  it  is  taken  into  consideration 
that  the  received  signal  from  the  clutter  is  the  convolution 
and  the  product  of  the  clutter  with  the  transmit  waveform. 

The  convolution  itself  is  with  respect  to  the  range  variable  A 
and  the  product  is  with  respect  to  the  tine  variable  t. 


1 . e . : 

nc(t) 


f(t  - A)  b (t-  d.,  A)  dA 


(3) 


This  is  a zero  mean  complex  Gaussian  random  process  with 
covariance [1]  function  knc(t,  u) . where: 


Knc(t,u)  = F.  t 
or  alternatively 


Knc(t.u) 


■*V/  'X.  it 

f(t-X)  1 1 • u , A}  f (u-  A)  cIa 


'v* 


(4) 


f(t-u)SDR{f,A}  f (u- A')ej27Tf('t;u^dfdA  (5) 


'K, 

where  the  correlation  function,  Kqr(t,A),  is  a two-variable 
function  that  depends  on  the  reflective  properties  of  the 

garget  and  SpR  (f,  A)  represents  the  spectrum  of  the  process 
b(t,A)  and  is  called  the  scattering  function  of  the  clutter. 
Tlie  two  functions  KpR  and  %pR  are  a Fourier  Transform  pair. 

% 

The  white  noise  w ( t ) is  likewise  a complex  Gaussian  random 
process  but  with  covariance  function  ^(t,u)  = N0  6(t  - u)  . 


B.  OPTIMAL  WAVE  FORM  DESIGM: 

The  optimal  waveform  fQ(t)  must  satis  fyH-1  the  following 
integral  equation 


% a. 

hou  (t,  u)  f0  (u)  du 


*E  CF) 


f0  (t)  = 0 


(6) 
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hou  (t , u)  is  the  optimum  unrealizable  filter  satisfying 
the  equation 


v h 
•'  onou 


(t  ,u) 


/Tf 


<v"\/ 


hou(x,u)Knc(t,x)dx 


Knc(t,u)  Ti<t,u<Tf 


(7) 


Knc  (t,u)  satisfies  Equation  (4)  and  (5) 


where : 


Xp  and  Xg  are  LaGrange  multipliers  with  an  energy  and 
bandwidth  constraint 


1 f 

( I Tf  (t) 
Ti 


dt  = 1 


(8) 


ilCii 

dt 


dt  « 3 2 


(9) 


there  fore 


fo  (Ti) 


f0  (Tf)  - 0 


(10) 


After  having  reviewed  the  optimum  system  for  the  single- 
channel case,  let  us  extend  these  results  to  the  two- channel 
case  i.c.,  polarization  diversity. 

III.  MULTIPLE -CHANNEL  RECEIVER- POLARIZATION  CASE 

A.  In  the  dual  polarization  case  - when  we  transmit  and  receive 
over  two  channels  - the  received  signals  are  given  in  the  vector 
form  , i . e . : 


DUAL  POLARIZATION  CHANNELS 


FIGURE  2 


r(t)  = bfj(t)  + nc(t)  + w(t) 
■ nc(t)  + w(t) 


rCt) 


Hj target  present  (11) 

Hq target  absent  (12) 


where  boldface  denotes  vectors  defined  as  follows: 


r(tH 


ry(t) 


*11(0 


the  received  signal,  a vector  function  having  a 
vertical  and  horizontal  component. 


<\ / 

bA 


bW  bVH 


V w 

bHV  bHV 


a scattering  matrix  for  an  assumed  slowly 
fluctuating  point  target  with  zero  mean 
complex  Gaussian  random  elements. 


time  delayed,  Doppler  shifted 


yj  — v / » ■ - r-  r — ^ w * ~ 

fd(t)A  / Et  f(t  - xjJejwjt  replica  of  the  transmit  wave-  (13) 


form  vector. 

EtA  the  average  energy  in  the  transmit  vector. 


wy(t) 

w(t)  A 

( t ) 

the  receiver  noise  vector  assumed  white. 


'V, 

oo 

f 

colored  noise 

nc(t)A 

ncV(t) 

A /*e7 

'V 

b(t- 

X 'v 

■-,X)f(t-X)dX 

vector  due  to 
backscatte  r 

(14) 

ncnCt)  j 

) 

4m 

from  clutter. 

where  t 

is  time  and  X is 

ran  ge 

expressed  in 

time . 

The 

rece  ived 

vector , 

nc  (t) . 

, due  to  the 

clutter  is  obtained 

by  convolving  the  Doppler-range  variant  scattering  matrix  of  the 
clutter  process,  b(t-^.,  X)  with  the  transmit  waveform  vector 
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<V,  'V.  A 

f(t),with  the  scattering  matrix  b(t-T.  X)  a zero  mean  Gaussian 
random  process . 

The  clutter  vector  covariance  function  is  a matrix 


Knc(t,  u)  A E {nc(t)nc(u) } 


KncW(t»u)  ftcVH(tfu)-| 
^ncHVf >u)  ^ncIIH(t,u)J 


It  has  been  shown  that  if  it  is  assumed  that  the  returns  from 
different  range  intervals  are  statistically  independent  and 
that  the  return  from  each  interval  is  a sample  vector  function 
of  a stationary  zero-mean  Gaussian  random  process,  then  through 
matrix  manipulations: 


Knc(t,u) 


Et  I fT (t - X) KpR{t-u , X > f*(u-X)dX 

cn 


or  alternatively 


(- / ^ 

f(t-X)SnR{f,A)f*(u-A)e-i2:Tf(t'u)dfdA  (17) 

% % 

where  KpR  and  SpR  matrices  are  tensors  of  fourth  grade. 

The  tensor  correlation  function  KpR(i,  X)  is  a two- variable 
fourth-grade  tensor  that  depends  on  the  reflective  properties  of 
the  target.  It  is  obtained  from  the  expectation  terms  of 
b (t,  X)  elements  as  shown  by  V.  C.  Vannicola(2] . 

Because  of  the  statistical  independence  of  the  range  intervals 
and  the  stationarity  of  each  interval,  the  Kt)R(t  , X)  expression 
with  some  further  matrix  manipulation  reduces  to 


KpR(r,  X) 


— % 

Kr>RVV(?»  X)  KpRVIi(T,  x) 

■v  *\j 

KDRI!V(T»  X)  KDRHIl(T»  X) 


6 (X  - X x ) (18) 
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. 


which  can  be  written 


[Kdr  (t.  A)]  6 (A  - Ax) 


where  t = t - u. 


The  subscripts  DR  denote  that  the  clutter  is  doubly  spread 
in  Doppler  and  range.  Through  substitution  and  evaluation  of 
this  expression  we  obtain  the  result  in  (16). 


a. 

The  function  SpR(f,  A)  is  a two-variable  fourth-rank  tensor 
representing  the  spectrum  of  the  process  and  is  related  to  KpR(#) 
by  the  Fourier  Transform 


KqR  (t,  A) 


SDR  (*.  A) e j “7T^T df 

00 


(19) 


where  Kt)R(t,  A)  can  he  called  the  tensor  scattering  function  of 
the  process 


b(t.  A)  A 


% 

bw  (t* 


'V 

bHV  (t * 


A) 

A) 


a, 

bVH  (t. 


'V 

bmi  Ct , 


A) 

M 


(20) 


Carrying  out  all  the  expectation  [2  ] and  omitting  the  variable 
x and  A (to  save  space)  we  have: 


Kdr(t ,A) 


% a,* 

bw  bn; 

X x * - 

b VV  b\l! 

“ X X * 

bVV  biIV 

% a,  **" 

b VV  bHH 

bVII  bVV 

b VH  bVH  . 

Lb  VH  bnv 

'V  x * 

bVH  bHIIJ 

X X* 

bHV  bw 

bHV  b VII 

r X X * 

b;iv  bfiv 

^ % * 
bHV  bull 

; 

% X* 

bHH  bVV 

x x * 

bnii  bvn- 

-v  x * 

L bHII  bH V 

a,  x * 

bflli  bjijj . 

j 

K VV , VV 

MT.VII 

r y. 

kw,hv 

Kw.lIII 

] 

^VH , W 

% 

kVH,VM  _ 

X 

L KVH  ,HV 

a. 

k.vh,uh  - 

| 

% 

khv,vv 

kHV,VH  1 

_ % 

khv,hv 

X 

kiiv,hii  1 

1 

% 

f* 

X 

Kmi,vn  J 

X 

I 

' iIH  ,W 

- khh,iiv 

KIIH  ,1121  J 

1 

I 

(21) 
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Equation  (21)  nrovides  16  different  elements  (discriminants) 

- when  one  considers  the  statistical  behavior  of  the  nolarization 
random  process  scattering  matrix,  - and  completely  describe  the 
target  and/or  clutter  irrespective  of  the  transmit  waveform  and 
receiver  design.  They  can  be  used  in  the  waveform  and  receiver 
optimization  as  well  as  the  performance  equations  in  the  same 
sense  that  the  scalar  correlation  and  scattering  functions  are 
used  in  the  design  equations  of  the  single  channel  system. 


B . OPTIMUM  RECEIVER  - ['hi FORM  DOPPLER  - H.W GE  IX VARIANT  CLUTTER 
(Special  Case)  : 


Consider  the  special  case  when  the  clutter  has  a range 
invariant  tensor  correlation  or  scattering  function 

Kdr  (t,  A)  , Sdr  (f,  A) 


and  extends  well  beyond  the  range  of  a possible  target.  V.e  can 
treat  the  clutter  as  if  it  were  infinite  in  extent. 


For  the  conventional  receiver 


\i  \ 

L A 

oo 

f 

'v-r  V*  - i w d^  , 

, rT  (t)  f*  (t  - Td)  e ' dt 

• oo 

(22) 

whe  re 

l = final  output 

while  for  the  optimum  receiver 

Z-o  A 

OO 

r 

^ It 

rT  (t)  g (t)  dt. 

(25) 

t 

' CO  j 

O 

£ 

c r 

letting  £(t)  « *■  F (u) 

(24) 

denote  a Fourier  Transform  pair. 

From  Equation  (15-126)  of  reference[l]  we  may  find  g(t) 
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and  the  optimal  waveform  vector  must  satisfy  the  integral 
equation 


hou(t.u)  f0 (u) du  ♦ Ae  fo(t) 


Ti 


0 


(31) 


The  energy  and  bandwidth  constraints  become 
^T(t)  f*(t)  dt  = 1 

Ti 


(32) 


B2 


and 


fT(t)  f*(t)  dt 


(33) 


IV . ANALYTICAL  SOLUTION : 


It  has  been  previously  shown  that  in  order  to  solve  for 
(a)  optimum  filter  equation,  (b)  optimun  waveform  equation, 
(c)  system  performance  etc.  it  will  necessitate  to  find: 


Kqr  (t,  X)  , Knc  (t,  u)  , nc(t)  , Sqr  (w,  X),  g(t)  etc. 

The  only  data  given  and/or  modeled  are: 

(a)  Low  pass  equivalent  Xmit  waveform  f(t) 

% 

(b)  Scattering  matrix  from  chaff  clutter  b(t,  X) 

If  it  is  assumed  that  the  given  ^(t)  is  also  the  optimun 
waveform  then  it  will  be  shown  that  the  final  solution  can  be 
derived  if  some  statistical  conditions  of  the  clutter  are  taken 
into  consideration. 


A.  XMIT  WAVEFORM  MODEL: 

'V 

The  assumed  f(t)  is  a periodic,  real, pulse  train  with  real 
and  sinusoidal  carrier,  and  it  can  also  be  assumed  to  be  the 
optimum  waveform.  The  mathematical  representation  is  as  follows: 


fv(t) 


V ct(t-RT)  cos  u>2  (t-RT) 


£ a(t-RT)  cos  oil  (t-RT) 

!?=  -<*>  «\, 

=f0(t)  (optimum)  (54) 


= 1 usee 
= 1 msec 

- aij  * 2 (— ) 

T 


1 , 0 <t  <T 

0 , elsewhere 


XMIT  WAIT  FORM 


B.  MO  DHL  OF  RANDOMLY  ORIENTED  DIPOLE: 

A clutter  formed  by  chaff  can  be  treated  as  an  ensemble 
of  independent  scatterers;  the  average  scattering  cross-section 
of  a volume  within  the  cloud  is  determined  by  the  ensemble 
average  for  a single  dipole. 

Analytical  representations  for  the  radar  cross-section 
of  a dipole  have  often  been  discussed.  The  short  dipole  may 
be  accurately  described  in  terms  of  electric  dinole  scattering!"]. 

In  view  of  the  aforementioned,  the  following  model  has 
been  chosen  for  the  clutter  scattering  matrix  b(t,  a). 


FIGURE  H.  Clutter  and  Target  Model 


-POLARIZED 

ANTENNA 


DIPOLE  (CHAFF)  MODEL 


POLARIZED  ANTENNA 


A statistical  model  is  then  computed  according  to  the  physical 
phenomena  of  a shifting,  fluctuating  free  falling  body,  and 
its  approximation  is  as  follows: 


b(t.  A) 


*(t)H 


a(t) 


11 W 

a* 

nuv 


1 1 \T  I 
»IIII 


(35) 


whe  re : 


'V. 

Hyv 

= oj  sin2 

[ 

0(t) 

HIIII 

= Oj  cos2 

[ 

0(t) 

'V 

% 

H\1! 

= « HV  - 

o d 

cos 

d> 

o 

for  $(t)  = ~ sin  <j&t 


* ©RV  3 
+ ©RV  ] 

[ 0 ( t ) + 0RV]  sin  [$(t)  + Srv] 


with  wa 

<*>o 

0(t) 

©RV 


ad 


rate  of  change  of  dipole  fluctuation. 

constant  angle  assumed  varying  between  30®  and  60°. 

angle  between  the  vertically  polarized  component 
of  the  field  and  the  projection  of  the  dipole  axis 
on  the  wavefront. 

random  angle  made  by  the  dinole  axis  rotating 
parallel  to  the  axis  of  projection  of  the  wavefront. 

radar  cross-section  of  a single  dinole. 


An  additional  assumption  would  be: 


00 

0(t)  = 2 sin  (wat  ♦ Y) 


(36) 


where  y is  a random  phase  shift  angle  due  to  the  pitch  and  roll 
of  the  free-falling  dipole;  it  has  been  proven  that  the  intro- 
duction of  y will  not  have  any  effect  on  the  final  solution. 
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The  covariances  of 


a(t)  and  H are  assumed  statistically  independent  processes 
and  are  derived  as  statistical  averages. 

a(t)  is  a complex  Gaussian  random  process  with  zero  mean 

and  autocorrelation 


:a(-0 


(37) 


o0  = N'oj 
Tc  - 10  T 

N s average  total  number  of 
dipoles  in  a radar  range 
cell . 

•v 

The  H directional  scattering  matrix  has  its  randomness  only  in 
phase,  but  is  truly  an  ergodic  and  deterministic  process.  This 
also  implies  that  the  covariance  function  of  h can  also  be  taken 
as  time  average;  this  assumption  will  ease  computations. 

'C 

C.  Kdr(t)  - SOLUTION: 


All  elements  in  the  KpR(x)  tensor  can  he  comnuted  indepen- 
dently; however,  considering  that  all  elements  in  b(.t.  A)  are 
real,  then  it  follows  that  there  are  only  six  (6)  common  terms 
to  be  solved.  These  are: 


1. 

% 

bW 

'V 

bVV 

'V* 

2. 

bv:i 

a, 

bw 

3. 

bHH 

% 

bvv 

% 

4. 

bVH 

'X/ 

b$H 

5. 

bIIH 

bvn 

y* 

6. 

bHU 

b:iH 

% 

3 bHV  bW 

= Dyv  bHH 

bTIV  bVH 

% a.* 

= bHH  bIIV 


bW  bVH  = bVV  bHV 


bvn 


% 

bvn 


hlv 

bHII 


'C 

biIV 


bliH 
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tx  ' 


% The  expected  value  of  all  these  elements  will  compute  the 
Kdr  tensor.  . 

<v,  * -v. 


hence:  E [a  (t) a ( t + x)  ] [Hij  (t)Hj L ( t+x) ] 


E < a (t)  a(t+x)  > E ( H^j (t)  Hjj(t+x)/  = statistically 

* , 


independent  processes  but  E / a*(t)  a(t+x)  } = Ka(x)  = a0e-|=r^- 


E <;  bjj(t)bij  (t+x) 


Ka(x)  E <;  Hji(t)  Hij  (t  + x)  S 


(38) 


It  follows  that  the  computation  of  the  expected  value  of 
the  following  elements  shall  suffice  for  the  solution  of  all 
other  elements  within  the  tensor  kdr-  These  elements  are 


whe  re  E 


Eai  ; i = 1 , 2,  6 

Ka(x)  Ej  ; j=l,2. 


ai 


, 6 


(39) 


There  fore : 


(p  0 

for  <t> ( t ) = -y  sin  uat  , let: 


^ J *V*  'V'  * . 

Ei  * E { Hw  Hw  f 


E l sin2  [4>(t+x)+0R\r]si 


[<t>(t+x)+eRV]sin2  [<{i(t)+GRv]  ' 


a lim  1 
2T 


A Oq 

si-n2[-=-  sinioa(t+x) +0Ry]  sin2  [~  s inuat+0Rv]  dt 


-T 


* -g  [2  + J0(2i0sinuiax) +cos40Rvdo(2<*)oCOSU)aT)  " 


- 4 cos  20RVJo(4>o)  ] 


(40) 


where  J0  * Bessel  Operator 
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— a ■ 


fl 


'V.* 


c2  = E {HyvHvn } * E { s in  [<J>  ( t + t ) +0Ry]  cos  [ $ ( t + t) + 0RV  J 


. sin[4>(t)*ORv]cos  O(t)  + 0Rvl  } 

T 


lim<7=r  j sin  [^£.  sinua(t+T) +0RV]  cos  [i£  sintoa(  t+f)  +0rv] 
T— »oo  I *• 1 / 2 2 

-T 


s inf—  sinwat+0Rv]  cos  [^2.  sin6eat  + Gny]dt  > 

2 2 r 


1 [ J0 (2 4>0sin  * cos  40RV  J0(24>0cos^)  1 

8 2 


(41) 


% % "V* 

E3  = E {HwHhH ) 3 E (sin1 2  [d>(t+t)+0Rv]cos2  [$(t)+ORV]  } 

T 

sin2  [*£  sin  wa  (t  + f) + Orv]  cos 2 [ — sin  wat  + 0Ry]dt 
2 2 

-T 

3 7 [2-J0(2<i0sin  ) -cos  40RVJO  (2®0  cos  'tlL  ) ) (42) 

8 2 2 
* 

E4  = E {nvv  HhV>  3 E {sin2[<t(t*T)+GRV]sin[4>(t)+eRv]cos[C>(t)  + 0Rv]  } 

3 7 [2sin20RvJo(4>o)  *sin  40RVJo(2<$oCos  iiiil  )]  (45) 

8 2 

"V.  'V,  'X.* 

Es  = E{HnHflHV^*E{sin2  0(t  + f)  + 0RV]  sin[<6(t)  + 0rv]  cos  [$(t)+0Rv]  } 

1 

3 3 [2sin20RvJo(<!>o)  + sin  40rV  J0  ( 2 4>0cos  ) ] (44) 


= lim  1_ 
!_>.«  2T 


-V  % 'V* 

Eg  * HHhuHhh}  * H {cos2  [-i  (t+T) +0rv]  cos 2 [0  ( t) +0rvO  } 


8 [2  ♦ Jo(2$o  sin  ) + cos  40rv  Jo{20ocos  + 


♦ 4 cos  20rv  JqC^o)  ] 


Thus  for: 


Eol  3 

% 

E {HW  Hvv}Ka(t) 

% 

Ea3 

E 

% 

{Hw  hMH 

% 

Ea2  3 

E (H w HvH}Ka(t) 

-v 

Ea4 

r 

{HW  HHV 

% 

E«s  3 

E {HI1H  Hi*v>KaCT) 

'V 

Ea6  3 

E 

'V  'V* 

^hhh  hhh 

*DR  (T» 


Eal 

Ea4 

'V 

Ea4 

Ea2 

Ea2 

EaS 


This  completes  the  computation  of  KpR  (t , X). 

D.  OPTIMUM  RECEIVER  - UNIFORM  DOPPLER  RANGE  INVARIANT  CLUTTER 


l .'hen  solving  for  the  special  case  of  optimum  receiver,  if 
it  is  assumed  that  the  clutter  has  a range  invariant  tensor 
correlation  or  scattering  function  and  extends  beyond  the 
range  of  a possible  target,  then: 


I 
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tt zzztt 


to  L 


'V 

In  order  to  compute  i0  it  is  necessary  to  solve  for  r(t)  and 
5(t).  The  matrix  of  r(t)  can^be  determined  directly  from 
111)  and  (14).  The  matrix^of  g(t)  is  determined  from  (43), 
where  the  only  unknown  is  Sn c ( uj)  . 


•v 

g(t)  *■ 


->^(u>)  = [N!o  I + ^nr^1*1)  1 ^(u) 


(48) 


where  g(t)  - modulating  function  for  multiple -channe 1 systems, 


No 

P(w) 


% 

Snc  (w) 


* thermal  noise  of  receiver 
- P (f(t)} 


/« 


FT(a)  Sdu(uj  - a)  F*(a)da 


(49) 


Sn  (u)  is  computed  as  follows: 

f (t)  < ».  SncO)  = Fourier  of  clutter  covariance  function. 

'V 

NOTE:  For  range  and  time  invariant  functions  of  KpR  (t  , X)  , 


-v  'V 

KDr  = Kpu 

where  Spy  * SpR 


F (Kdr) 


Therefore  : 
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^al 

sa4 

r 

v,a4 

^3 

5a4 

f* 

^az 

<’a2 

’as 

S34 

^2 

^0-2 

^35 

5<*3 

?a5 

5-6_ 

Naa2 

8 

.2 


— [f  { C 4}  +cos  40Ry  F{?2^+  HSi) -4cos  20rv  ] 


[ -^ ( C 1 ) *cos40rv  -"  { 5 2 ^ 1 
^°d  r _ , „ , . 


-5-  [^{C4}*fUi}-cos40rv  " ( C 2 ^ ] 
Nad2 


»a4  = ~T“  t2  sin  20RV  f {C3)*sin40Rv  -rU2>l 

Nad2 

£a5  - — [2  sin  2Grv  -p  U3  } + sin40RV  FU2H 
Nad2 

£a6  = ~7T"  [‘”{C4}+ir  (Cl }+cos40Ry  f {C:^  + 4cos  2 


( Cl  } + cos40rv  F (^2  }+4cos  2GRy  r { £ 3 ’• 


whe  re : 


^o2n  (-Dn 


n 2n 


f(ci}-tc  I -7— ; ; I ( . ) (-D1  [ a ♦ b] 


n=o  2Zn  1 (nl) z i = o 1 
NOTE i.  1 represents  factorial  notation 


! u)  = u - a 
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PH(6).X  l * 2>7 

R=*  - (^-0)2)—  fw+ci)?')  L 


(u)+co->)  . 


Ztt  R 

6 (w  - T"  ) (52) 


Then  for 


$nc  (^0 


Sn  (w) 
Si  2 (w) 


S2i  (to) 


%22  (w) 


Independent  solution  follows 


Thus : 


l , ,.T  °oad^  " 
SnU)-Tc  -j — U 


sin(ijrR-ui)r  sin  (2ttR+^1  ) T 

1 1 ♦ HZ i 

rliE.  T r 2tt  R <.  t 

(—  -(oi)  j C—  - wi)  j 


♦ cos40rv  l r-l)n  60 


n 2n  \ 

l i! 


l+TJ(«-=~)1  n=0  22n‘ 1 Cn  1) 2 *=°  "ll^I^-Minn-i)^] 
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CONCLUSIONS 


It  has  been  the  intent  of 
analysis  of  clutter  suppression 
process . 


this  work  to  provide  a unified 
through  the  radar  polarization 

a. 


The  models  used  for  f(t) 
premise  that 


and  b (t , 


X)  were  based  on  the 


a.)  The  optimal  low  pass  equivalent  transmit  wave  form  was 
of  the  type  commonly  used  and  b.)  the  scattering  matrix  was 
assumed  to  be  a vector  function  describing  the  physical 
phenomena  pertaining  to  a slow  fluctuating  point  target  (with 
zero  mean  complex  Gaussian  random  elements)  as  seen  from  the 
radar. 


The  choices  of  the  aforementioned  mathematical  models 
have  not  been  proven  either  correct  nor  incorrect,  simply 
because  the  implementation  of  the  final  equations  was  not 
completed  due  to  lack  of  sufficient  time. 

As  it  has  been  shown,  the  partial  solutions  attained 
reflect  a very  high  degree  of  mathematical  complexities  and 
it  is  the  author's  opinion  that  there  might  not  be  any  easier 
method  of  solution. 

Most  likely  only  few  terms  of  the  long  equations  are 
necessarv  and  important  for  the  final  solutions;  however 
without  this  knowledge,  complete  solutions  are  necessary. 

The  indicated  complexities  should  not  be  a deterrent  as 
per  the  model  used  and  the  methodology  followed.  The  final 
implementation  of  the  solutions  could,  very  well,  determine 
the  feasibility  of  the  approach  followed. 

SUGGESTIONS : 

Additional  choice  for  Ka(x)  and  H(t,  X)  are  listed  below. 
They  should  be  tested  and  compared  with  respect  to  the  method 
used  in  this  work. 

x 2 

i.e.  Ka(x)  = a0e  yrc* 
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^ 


Hyv  3 J .9  A COS2  [<i(t)] 


Hhh  = / . 9 A sin2  [ 4>  C t ) ] 

% % 

HHV  3 Hyjj  = / .9  A sin  cos  [ 0 ( t ) ] 

<Po 

for  d>(t)  = ~ sin  coat 

■v 

.Another  possible  way  of  physically  determining  the  H matrix, 
would  be  to  use  photography  in  monitoring  the  free- falling 
chaff.  This  visual  aid  could,  as  well,  give  a real  life 
representation  of  the  phenomenon,  from  which  to  derive  the 
scattering  matrix. 
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INTRODUCTION  AND  OBJECTIVES 


The  initial  objective  was  to  measure  the  photodissociation  cross 
sections  of  hydrated  oxonium  ions,  H30+. (H20)n,  whose  importance  in  the 
lower  ionosphere  is  well  established  (Ref.l  and  2).  Previous  attempts 
to  obtain  these  cross  sections  in  other  laboratories,  using  discrete 
wavelengths  between  377  .1  nm  and  676.4  nm,  had  been  unsuccessful  (Ref. 

3-5) . It  was  therefore  intended  to  use  the  ion  photodissociation  apparatus 
at  AFGL,  which  has  a unique  capability  for  measuring  absolute  cross  sections 
in  the  UV  with  a tunable  laser  (Ref.  6) , to  look  for  photodissociation  of 
H30+- (H20)n  at  shorter  wavelengths. 

After  completion  of  the  experiments  on  the  above  positive  cluster  ions, 
it  was  decided  to  attempt  to  measure  photodissociation  cross  sections  for  a 
negative  cluster  ion,  0H~.H20.  This  ion  is  presumed  to  exist  in  the  D-region 
of  the  ionosphere  because  of  the  known  importance  of  OH-  in  the  chemistry  of 
this  region,  but  its  detection  by  rocketbome  mass  spectrometers  has  been 
obscured  by  the  presence  of  Cl"  ions  (Ref.  7). Given  that  the  known  thresh- 
hold  for  the  reaction 

0H"-H20  + hv  -*■  OH  + H20  + e~  (1) 

lies  at  ^ 420  nm  (Ref.  8)  and  that  the  absorption  spectrum  (electronic 
transition)  for  OH"  begins  at  679  nm  (Ref.  9) , it  was  reasoned  that  the 
photochemical  process 

0H"-H20  + hv  -►  OH"  + H20  (2) 

should  be  observable  between  420  and  679  nm.  Process  (2)  becomes 
energetically  possible  for  wavelengths  shorter  than  1,100  nm. 

RESULTS 

A.  Photodissociation  of  H30+. (H20)n 

Table  1 shows  a sample  of  the  results  obtained  while  attempting  to 
maximize  the  primary  ion  current  for  the  various  positive  cluster  ions  in 
water  vapor  using  ^simple  electron  impact  ion  source.  For  the  data  shown 
in  this  table  the  electron  beam  was  positioned  •'•2  mil  behind  the  ion  extraction 
hole.  In  later  experiments,  including  those  reported  in  Table  2,  this 
distance  was  increased  to  8 mm  in  an  attempt  to  increase  the  current  of 
cluster  ions.  Several  experiments  were  made  using  a N2  carrier  gas  bubbled 
through  a reservoir  of  liquid  H20,  also  in  hopes  of  increasing  the  ion  currents 
of  the  larger  cluster  ions,  but  this  technique  showed  no  advantage  over 
directly  evaporating  the  liquid  water  through  a controlled  leak. 


TABLE  1 


MASS  SPECTRA  OF  H20  VERSUS  PRESSURE 


Ion  Currents  in  Nano-Amps 


Ion 

PH20  W = 2.4* 

15 

52 

75 

99 

h2o+ 

0.039 

0.021 

0.015 

0.015 

~0.02 

h3o+ 

0.020 

0.16 

1.24 

1.83 

4.10 

h5o+ 

— 

— 

0.032 

0.14 

0.69 

H7°! 

— 

— 

— 

0.005 

0.036 

Conditions:  Filament  Current  = 8.0A 

Electron  Energy  = 80  V 

Repeller  = 0 V 

* e~  beam /x- 2 mm  back  from  exit  hole, 
then  moved  to  8 mm  back  before  2nd 
run  in  Table  1. 


Table  2 shows  the  results  of  several  cross  section  measurements  for 
photodissociation  of  H30+.(H20)n,  n=l  and  2.  Combined  with  measurements 
made  by  T.  L.  Rose  at  AFGL  shortly  before  this  participant's  arrival, 
these  results  led  to  the  conclusion  that  H30+- (H20)n,  n=l  and  2,  are  photo 
chemically  stable  for  wavelengths  1 264.9  nm. 

B.  Photodissociation  of  OH  *H2Q 


In  order  to  detect  negative  ions,  it  was  necessary  to  reconstruct 
the  mounting  of  the  electron  multiplier  so  that  its  anode  could  be  floated 
as  high  as  + 4500V  above  ground.  Problems  with  this  mounting  and  subsequent 
arcing  which  adversely  effected  several  electronic  components,  consumed  too 
much  time  to  permit  completion  of  this  part  of  the  project.  Tables  3 and  ^ 
show  the  results  which  were  obtained. 
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TABLE  2 


PHOTODISSOCIATION  CROSS  SECTIONS  FOR  H30+- (H20)n 


n 

\(nm) 

ph2o  M 

109x  ip  (A) 

1019xC  (cm2) 

1 

264.9 

^90. 

2.8 

£ 1.9 

1 

266.9 

44. 

1.15 

8.0  + 6.5 

1 

266.9 

55. 

0.25 

2.4  +6.1 

2 

266.9 

68.* 

0.58 

1.2  + 8.9 

1 

528.5 

52.* 

0.40 

-0.3  + 0.7 

ip  = Primary  ion  current 
PH  O = Pressure  of  H20  in  ion  source 

a = Photodissociation  cross  section  for  production  of 
* Includes  small  contribution  from  N2  carrier  gas. 


In  Table  3 is  a negative  ion  mass  spectrum  obtained  from  pure  water 
vapor  with  the  same  ion  source  as  for  Tables  1 and  2,  except  that  a piece  of 
copper-beryllium  alloy  was  added  as  a target  for  the  electron  beam  (to 
generate  secondary  electrons) , and  the  appropriate  voltages  on  the  mass 
spectrometer  were  reversed. 

Table  4 lists  the  photodissociation  cross  sections  measured  for 
OH  -H20.  As  discussed  below,  only  the  first  five  entries  are  thought 
to  be  reliable.  Thus  it  appears  that,  contrary  to  initial  expectation, 
0H~'H20  is  photochemically  stable  for  wavelengths  ^ 513.4  nm.  This  may 
be  because  photodetachment  of  electrons  occurs  at  longer  wavelengths 
than  previously  believed  (i.e.,  A > 420  nm) , or  because  the  absorption 
spectrum  of  0H~-H20  is  blue-shifted  by  more  than  160  nm  from  that  of  0H~, 
or  possibly  because  the  first  electronically  excited  state  of  0H~.H20  is 
stable  with  respect  to  dissociation. 


TABLE  3 


r 


■■  MRM 


NEGATIVE  ION  MASS  SPECTRUM  OF  H20 


Ion 

O' 

OH' 


H3°2 
NO2  (?) 


H5°3 


NO"  (?) 


H7°4 


109x  (A) 

0.04 
0.41 
0.14 
0.017 
0.051 
0.017 
0.006 


Conditions:  P^g  = 50  U 


Electron  Energy  = 150  V 
Repeller  = 21.V 

Filament  Emission  = 1.0  x 10“ 3A 


The  last  five  experiments  shown  in  Table  4 were  done  with  a bias 
voltage  on  the  rods  of  the  quadrupole  mass  spectrometer  (used  to  mass- 
analyze  the  photo-fragments)  set  sufficiently  negative  to  deflect  all 
ionized  photoproducts  from  passing  through  to  the  detector*.  The  source 
of  the  excess  ion  (or  electron)  counts  which  led  to  the  apparently  non- 
zero cross  sections  in  the  last  five  entries  is  at  present  unknown. 

The  possibility  has  been  considered  that  an  electric  field  penetrates 
into  the  ion-laser  beam  interaction  region,  so  that  photoproduct  ions 
are  produced  from  lower  energy  ions  (lower  than  289  eV) , which  are  then 
accelerated,  but  this  fails  to  explain  why  the  cross  sections  (at  the  same 


* The  photofragments  have  35  of  the  primary  ion  energy  along  the  flight 
axis,  on  the  average,  or  ^140  eV.  Setting  the  bias  voltage  to  <-140  V 
(for  negative  ions)  will  therefore  send  the  photofragment  ions  away  from 
the  detector. 
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TABLE  4 

PHOTODISSOCIATION  CROSS  SECTIONS  FOR  0H”.H20 


A (nm) 

ph2o^> 

1010x  ip (A) 

vp(v) 

Pole  Bias(V) 

1019x  a (cm* 

650.2 

52. 

0.92 

200.0 

0 

3.2  + 2.5 

650.2 

63. 

0.68 

200.0 

0 

0.05  + 0.19 

635.1 

61. 

1.54 

200.0 

0 

0.53  + 0.78 

528.6 

65. 

1.87 

200.0 

0 

-0.26  + 0.74 

513..  4 

60. 

1.47 

200.0 

0 

-0.50  + 1.20 

548.1 

65. 

3.82 

289.8 

-191.6 

5.1  + 0.8 

528.5 

67. 

2.44 

289.8 

-191.6 

7.1  + 1.9 

528.6 

64. 

2.60 

289.8 

-191.6 

6.5  + 1.9 

513-2 

62. 

1.37 

269.8 

-191.6 

9.0  + 1.2 

503.6 

64. 

3.30 

289.8 

-191.6 

6.0  + 0.9 

O = cross  section  for  formation  of  OH” 

Vp  = Primary  ion  energy 

Pole  Bias  = DC  voltage  on  quadrupole  rods 
Conditons : 

Repel ler  = -30V 
Electron  Energy  = 150  V 

Electron  Multiplier:  1st  Dynode  = + 900  V 

Anode  = + 4500  V 
Ion  Deflector  (oppostie  1st  Dynode)  = -400V. 
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wavelengths)  are  zero  when  the  Pole  Bias  is  set  to  zero.  Another 
possibility,  detection  of  fast  neutrals  formed  by  photodetachment, 
encounters  the  problem  of  explaining  how  the  flight  path  of  these 
neutrals  can  be  bent  to  hit  the  off-axis  electron  multiplier. 

Clearly  more  work  can  and  should  be  done  on  the  photodissociation 
of  0H~ • H2O  with  the  present  apparatus.  The  ion  is  a possible  source  of 
dominant  atmospheric  negative  ions  by  fast  ion-molecule  reactions,  and 
it  is  important  to  determine  whether  the  photodissociation  channel 
competes  efficiently  with  these  ion-molecule  reactions. 
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ABSTRACT 


The  application  of  modeling  and  simulation  methods  in  the  design 
and  operation  of  tactical  command,  control,  and  communication  systems 
(i.e.,  tactical  C systems)  has  been  of  little  value,  largely  due  to 
the  enormous  complexity  of  the  problems  involved  in  relation  to  the 
limitations  of  th^  present  state-of-the-art  in  modeling  and  simula- 
tion. Tactical  C systems  belong  to  the  class  of  systems  which  are 
large  scale,  have  system  components  for  which  fundamental  system 
relationships  are  not  well  known,  and  which  contain  subsystems  repre- 
senting intelligent  competing  factions.  There  has  been  essentially 
no  success  in  the  application  of  modeling  and  simulation  methods  to  other 
systems  in  this  category  and,  as  a result,  there  i^  little  pertinent 
experience  to  draw  on  in  addressing  the  tactical  C problems. 

The  basic  problems  in  trying  to  model  large-scale,  poorly  under- 
stood, competitive  systems  fall  rather  naturally  into  two  categories: 

(1)  The  need  for  reliable  models  for  those  poorly  understood 
system  components  (e.g.,  man-machine  interface,  human  interactions, 
jammed  communication  systems,  etc.). 

(2)  The  need  for  aggregation  methods  which  lead  to  models  useful 
for  system  design  and  the  development  of  winning  operational  strate- 
gies. It  is  especially  important  that  the  aggregation  be  such  that 
model  limitations  are  difficult  to  identify  from  observations  of  the 
system  outputs  (i.e.  , the  model  outputs  should  be  insensitive  to 
excluded  system  dynamics). 

This  research,  dealing  with  the  aggregation  process,  addresses  the 
latter  category  of  problems. 

An  approach  is  proposed  for  the  design  of  aggregated  models  which 
is  based  on  the  concept  of  structural  sensitivity  (i.e.,  the  sensi- 
tivity of  system  variables  to  the  cutting  of  a connecting  link) . 
Specifically,  the  dependency  of  important  system  variables  to  be 
preserved  in  the  aggregated  model  on  other  system  variables  is 
represented  by  connecting  links  to  a proposed  aggregated  model  from 
another  system  generating  these  other  variables.  The  proposed  aggre- 
gation process  is  based  on  varying  design  parameters  to  minimize  the 
sensitivity  of  the  important  system  variables,  which  appear  as  out- 
puts of  the  proposed  agggregated  model,  to  the  cutting  of  the  connect- 
ing links.  Promising  directions  for  continued  research  in  this  area 
are  outlined. 
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INTRODUCTION 


This  research  is  addressed  to  the  problems  of  applying  modeling 
and  simulation  methods  to  the  design  and  operation  of  tactical  command, 
control,  and  communication  systems  (i.e.,  tactical  systems). 

Tactical  systems  belong  to  that  class  of  systems  which  are  large 
scale,  have  system  components  for  which  the  fundamental  relations 
are  not  well  known,  and  which  contain  subsystems  representing  intelli- 
gent competing  factions.  It  seems  safe  to  say  that  this  class  of 
systems  represents  the  most  difficult  challenge  for  modeling  and 
simulation.  It  is  noteworthy  that  although  there  have  been  numerous 
modeling  and  simulation  efforts  in  this  area,  this  writer  knows  of 
no  successful  effort  that  has  been  subjected  to  the  scrutiny  of  a 
careful  validation. 

It  should  be  no  surprise  that  large-scale,  poorly-understood, 
competitive  systems  provide  the  modelors  and  simulators  with  their 
most  difficult  problem.  Most  significant  is  that  any  model  used  as 
a basis  for  a computer  simulation  must  be  highly  aggregated.  The  pro- 
cess of  aggregation  involves  the  representation  of  large  complex 
subsystems  by  small  simple  models  for  the  purpose  of  either  (1)  reducing 
the  size  of  the  overall  model  to  the  point  that  computer  simulation  is 
possible  or  (2)  characterizing  poorly  understood  subsystems  with 
simple  relationships  (e.g.,  simple  statistical  models,  empirical  table 
lookups,  etc.)  which  are  based  on  limited  observations  and  educated 
speculations.  The  immutable  weakness  of  such  aggregated  models  when 
used  for  designing  winning  systems  and  winning  strategies,  are  twofold: 

1.  Limiting  the  size  of  the  model  reduces  both  the  number  of 
observations  that  can  be  processed  and  the  range  of  controls  that  are 
possible.  Thus,  the  use  of  the  model  for  either  prediction  or  control 
is  necessarily  limited. 

2.  Most  importantly,  perhaps,  an  intelligent  opponent  can  identify 
the  model's  limitations  from  observations  of  system  responses  and,pon- 
sequently,  take  actions  that  are  virtually  invisible  in  the  simulation 
and,  thus,  for  which  no  counteraction  is  possible. 

Clearly,  if  a simulation  is  to  be  used  to  design  and  operate 
tactical  systems,  the  model  on  which  such  simulations  are  based  must 
be  kept  secret.  However,  it  may  not  be  a simple  matter  to  keep  the 
model's  limitations  a secret  during  a battle.  Strategic  responses  in 
a few  confrontations  could  easily  reveal  important  model  deficiencies. 

In  essence,  the  enemy  would  begin  to  identify  the  model  used  as  the 
battle  progresses.  Thus,  if  an  aggregated  model  is  to  be  used  for  such 
a simulation,  then  special  care  must  be  taken  in  the  design  of  such  an 
aggregated  model.  It  seems  prudent  that: 

1.  Necessary  precautions  be  taken  to  assure  that  the  enemy's  under- 
standing of  fundamental  relations  characterizing  important  system 
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components  be  no  better  than  our  own. 

2.  The  aggregation  process  used  in  reducing  model  size  be  such 
that  the  enemy's  ability  to  identify  the  model  during  the  course  of 
battle  be  minimized. 

Item  1 requires  that  basic  research  continue  in  trying  to  determine 
fundamental  relations  of  important  system  components  (e.g.,  human  behavior 
in  man/raachine  interfaces,  communication  systems  under  adverse  conditions, 
etc.).  Item  2 requires  that  the  process  of  aggregation  be  studied  with 
special  attention  being  given  to  the  competitive  aspects  of  the  problem. 
This  research  deals  with  the  latter.  In  particular,  this  research 
addresses  the  problem  of  designing  aggregated  models  whose  outputs  are 
the  least  sensitive  to  the  dynamic  modes  of  the  real  system  that  are 
excluded  in  the  model. 

OBJECTIVES 


The  objectives  of  this  research  effort  are:  (1)  To  develop  measures 
of  effectiveness  for  aggregated  models  based  on  the  sensitivities  of 
important  system  variables  to  variations  in  system  structure;  (2)  To 
determine  how  such  measures  can  be  used  as  design  parameters  in  designing 
aggregated  models  of  large-scale  competitive  systems,  such  as 
tactical  systems  - the  validity  of  such  models  will  depend  on  the 
usefulness  of  the  model  in  system  design  and  in  operations  design.  (3)  To 
define  promising  directions  of  research  likely  to  yield  useful  results 
with  respect  to  difficult  aggregation  problems  typical  of  those  encountered 
in  trying  to  model  tactical  systems. 

BACKGROUND 


There  are  growing  convictions,  as  evidenced  by  increasing  levels 
of  effort,  [1  through  15J  that  modeling  and  simulation  should  play  a 
more  important  role  in  the  decision  making  processes  associated  with 
tactical  C^  systems.  Although  there  seems  to  be  no  agreement  on  what 
the  exact  role  of  modeling  and  simulation  should  be  in  tactical  C^ , the 
rationale  behind  the  increased  effort  in  this  area  seems  clear.  Modeling 
and  simulation  hare  played  an  important  role  in  other  areas,  particularly 
in  the  space  program,  in  the  design  and  evaluation  of  complex  weaponry 
and  communication  systems,  and  in  the  design  of  complex  logistical 
operations,  and  it  seems  reasonable  to  try  to  transfer  some  of  this 
highly  developed  technology  to  the  area  of  tactical  Cp . An  important 
question,  of  course,  is  whether  or  not  the  areas  in  which  modeling  and 
simulation  hare  been  successful  have  enough  in  common  with  tactical 
systems  so  that  a reasonable  payoff  can  be  expected  by  a simple  technology 
transfer.  In  particular,  one  must  consider  the  possibility  that  the  pro- 
blems in  designing  and  operating  tactical  systems  are  so  different  and 
so  poorly  understood  that  there  is  considerable  fundamental  research  to  be 
done  before  modeling  and  simulation  will  play  a major  role  in  tactical 
C ■ It  is  the  opinion  of  this  writer  that  the  problems  in  analyzing 
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and  designing  tactical  C systems  belong  to  a class  of  complex  problems 
which  will  not  yield  to  the  present  state-of-the-art  in  modeling  and 
simulation.  Needless  to  say,  modeling  and  simulation  can  be  valuable 
in  analyzing  and  designing  various  subsystems  of  tactical  systems. 

But,  capturing  the  essence  of  an  entire  tactical  Cp  system  in  a computer 
simulation,  sufficient  for  generating  actual  commands  and  control,  is 
quite  another  matter. 

To  obtain  perspective  on  the  magnitude  of  the  problem,  consider 
categorizing  all  systems  in  terms  of  (1)  size,  (2)  whether  or  not  all 
the  fundamental  relations  of  system  components  are  known,  and  (3)  whether 
or  not  the  system  includes  intelligent  competing  factions.  For  the  sake 
of  simplifying  this  discussion  the  three  criteria  are  dichotomized  and 
Table  1,  illustrates  the  resulting  eight  categories,  giving  some 
examples  of  systems  in  each  category. 

The  application  of  modeling  and  simulation  has  proved  advantageous 
in  studying  systems  in  all  four  noncompetitive  categories  (but,  certainly, 
not  for  all  systems  in  these  categories).  In  the  first  two  categories, 
the  modeling  efforts  are  girded  by  scientific  laws  and  time-tested 
empirical  results  which  provide  the  fundamental  relations  for  all  system 
components.  The  continually  increasing  data-processing  capabilities  of 
digital  computers  coupled  with  progress  in  the  development  of  efficient 
computational  algorithms  continues  to  increase  the  size  of  systems  that 
can  be  simulated.  The  use  of  statistics  has  proved  useful  in  inferring 
average  behavior  in  certain  situations  where  the  dynamics  of  elemental 
system  components  are  not  well  understood  but  where  there  are  sufficient 
constraints  limiting  both  the  responses  possible  and  the  number  of 
interactions  possible  between  system  components.  Thus,  for  example, 
although  it  is  not  possible  to  model  the  action  of  each  individual  enter- 
ing an  airport  terminal,  a simulation  based  on  a rather  simple  queuing 
model  can  provide  valuable  information  which  could  be  used  to  optimize 
many  airport  terminal  operations.  Such  an  approach  provides  the  basis 
for  the  server  queuing  languages  such  as  GPSS.  Of  course,  such  a model 
would  be  useless  in  trying  to  develop  a strategy  to  defend  the  terminal 
from  an  intelligent  powerful  conspiracy  intent  on  destroying  the  terminal. 
(How  would  one  now  model  the  terminal?  . . . The  behavior  of  the 
passengers?  . . . The  behavior  of  the  flight  attendants?  . . . etc.) 

In  addition,  methods  of  aggregation  have  been  developed  for  certain  large 
scale  systems  (particularly  some  linear  systems  with  special  dynamics) 
which  allow  low  dimensional  models  to  be  used  to  represent  large  scale 
systems.  Reference  16  provides  an  excellent  survey  and  bibliography 
on  the  state-of-the-art  of  aggregation  for  control  purposes. 

In  each  of  the  competitive  categories,  one  might  consider  two  sub- 
categories based  on  whether  the  state  of  each  opponent  is  known  by  the 
others.  Clearly,  most  difficult  is  the  case  in  which  an  opponent's 
state  is  not  known  completely.  However,  where  the  fundamental  relations 
are  known,  modeling  and  simulation  can  play  a useful  role  since  one  can 
determine  what  the  outcomes  will  be  for  a variety  of  opponent  strategies 
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COMPETITIVE 


SYSTEM 

FUNDAMENTAL 

(INTELLIGENT 

SIZE 

RELATIONS 

OPPONENTS) 

EXAMPLES 

1) 

Small 

Known 

No 

Electric  circuits,  digital 
logic,  gear  trains,  motors, 
etc. 

2) 

Large 

Known 

No 

Power  systems,  aircraft, 
communication  networks,  etc. 

3) 

Small 

Not  well 
Known 

No 

A human  performing  a 
simple  manual  task  (response 
times,  queuing  through  a 
serving  line,  etc.),  etc. 

4) 

Large 

Not  well 
Known 

No 

Ecological  systems  (animal 
population,  disease,  etc.), 
qieuing  systems,  etc. 

5) 

Small 

Known 

Yes 

Tic-tac-toe,  scissor- 
paper-rock,  etc. 

6) 

Large 

Known 

Yes 

Chess,  bridge,  wargames,  etc. 

7) 

Small 

Not  well 
Known 

Yes 

Two-person  sales  inter- 
action, tennis,  duels,  etc. 

8) 

Large 

Not  well 
Known 

Yes 

War,  societal  systems, 
economic  systems,  business,  etc 

TABLE  1 Categorization  of  Systems 
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and  states.  Yet,  in  the  case  of  large-dimensional  systems  (e.g.,  chess 
and  bridge),  exhaustive  methods  for  developing  winning  strategies  are 
not  feasible  and  heuristic  methods  from  the  area  of  artificial  intelligence 
play  an  important  role. 


Little  will  be  said  about  the  small  competitive  systems  in  which 
the  fundamental  relations  are  not  known.  In  fact,  a strong  argument 
may  be  made  that  there  are  no  small  scale  systems  for  which  fundamental 
relations  are  not  known  or,  at  least,  cannot  easily  be  found.  It  seems 
that  if  a system  really  is  of  low  dimension  that  a moderate  effort  would 
result  in  a system  model.  Perhaps  all  these  systems  are  really  large- 
scale  systems. 


The  final  competitive  category,  in  which  the  fundamental  relations 
characterizing  system  components  are  not  well  known,  represents  an  area 
in  which  the  application  of  modeling  and  simulation  methods  has  had  very 
little  success.  Unfortunately,  tactical  systems  fall  into  this 
category.  The  existence  of  an  intelligent  opponent  when  trying  to 
determine  controls  in  a large-scale  system  for  which  the  fundamental 
relations  are  not  well  known  is  indeed  a serious  problem.  Whether  or 


not  the  use  of  modeling  and  simulation  methods  will  help  solve  the 
decision  making  problems  associated  with  tactical  CJ , or  compound  them. 


is  not  clear. 


Perhaps  the  most  serious  problem  in  trying  to  apply  modeling  and 
simulation  methods  to  aid  in  the  decision  making  processes  of  tactical 
C3  stems  from  the  fact  that  aggregation  is  necessary  in  order  to  make 
a modeling  and  simulation  effort  feasible.  In  such  applications, 
aggregation  is  used  for  two  reasons.  The  first  is  due  to  system  size; 
the  model  would  simply  be  too  large  for  computer  simulation  if  every 
detail  of  the  actual  system  was  modeled.  As  a result,  certain  components 
of  the  system  that  could  be  well  modeled,  if  model  size  were  of  no  con- 
cern, are  grossly  simplified.  The  second  reason  for  aggregation  is 
the  result  of  an  incomplete  understanding  of  the  system  being  modeled 
either  due  to  the  lack  of  fundamental  relations  for  certain  processes 
(e.g.,  human  encounters,  etc.)  or  due  to  the  intentional  withholding 
of  important  information  by  an  enemy.  In  either  case,  the  process  of 
aggregation  results  in  some  dynamic  modes  of  the  real  system  not  being 
present  in  the  model  and  in  some  dynamic  modes  of  the  model  not  adequately 
representing  the  dynamic  modes  of  the  real  system.  If  such  an  aggregated 
model  is  used  to  generate  commands  and  controls  for  a real  tactical 
system,  the  possibility  exists  for  an  enemy  to  probe  the  system  for 
dynamic  modes  neither  included  nor  well  represented  in  the  model  and 
to  then  use  this  information  to  his  advantage.  Such  probes  need  be 
neither  costly  nor  complex  and  could  be  based  on  observing  responses 
to  specific  sorties. 


By  far  the  most  common  criticism  of  tactical  command  and  control 
models  and  simulations  concerns  the  lack  of  detail  included  in  some 
subsystem  or  other.  An  example  of  such  criticism,  typical  of  much  of 
the  criticism,  is  the  following  criticism  of  TAC  [14]: 
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Limitations  in  the  basic  TAC  Controller  program  have  recently 
surfaced  . . . "recent  simulation  runs  made  for  ESD/MITRE 
show  that  the  FACPs  are  operated  well  beyond  their  true 
operational  capacity  and  provide  an  unrealistic  mode  of 
operation".  Also,  it  is  not  possible  to  access  certain  kinds 
of  data  related  to  the  sensors  in  the  model  . . . Finally, 

TAC  Controller  (like  the  previous  models  considered)  ignores 
the  question  of  identification.  Attrition  of  friendly  forces 
because  of  mistaken  identity  or  imperfect  information  is  not 
explicitly  modeled. 

The  typical  response  to  such  criticism  is  the  design  of  the  next- 
generation  model  containing  much  greater  detail,  usually  to  the  point 
that  the  newer  model  bears  little  or  no  structural  resemblance  to  the 
earlier  models.  For  example.  Bonder  £12],  in  describing  VECTOR-2, 
an  improvement  over  VECTOR-1,  says: 

As  you  will  see  in  a moment,  in  order  to  incorporate  the 
command  and  control,  intelligence  and  communication  processes, 
VECTOR-2  turned  out  to  be  a totally  new  structure  (as  compared 
to  VECTOR-1)  in  the  manner  in  which  we  had  to  consider  the 
battlefield  geometry,  forced  employments  and  locations,  the 
command  hierarchy,  and  the  timing  of  the  various  combat  and 
combat  related  process  events. 

But,  inevitibly,  the  new  model  falls  far  short  of  reality.  In  the 
case  of  VECTOR-2,  Bonder  continues  £12]: 

Before  describing  some  of  the  model  content,  I should  hasten 
to  add  that  the  model  (VECTOR-2)  still  does  not  include 
explicitly  a number  of  relevant  phenomena,  including  non- 
integral feedback  situations,  tactical  nuclear  warfare,  and 
explicit  representation  of  electronic  warfare  (although  elements 
of  this  can  be  implicitly  played).  It  does  not  include  some 
elements  of  command  and  control  specified  by  General  Welch 
and  Mr.  Robinson  at  this  conference,  but  which  are  to  be 
included  in  the  eventual  development  of  the  Combined  Arms 
Simulation  Model  (CASM) . 

Needless  to  say,  VECTOR-3  is  now  in  the  works  in  spite  of  the  fact 
that  according  to  Bonder  [121: 

We  have  not  performed  a real  verification  in  the  scientific 
sense.  We  haven't  collected  war  data  to  do  this.  . . All  I 
am  saying  is  that  the  analytic  models  were  compared  to  models 
that  the  military  seems  to  think  are  realistic.  Both  models 
could  be  wrong. 

What  is  most  hypnotic  in  this  process  of  going  from  one  generation 
of  models  to  the  next  in  response  to  specific  criticisms  is  that  the 
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Clearly,  a strong  cai:  cao  be  mede  ror  fundamental  research  f .r 
(1)  scientific  and  engineering  studies  to  determine  fundamental 
relai  ions  characterizing  components  of  taet.'cal  systems  that  arc 
now  not  well  knr w\ , (2  moceliug  and  simulation  research  to  dir.eicp 
methods  cf  r.ggrcgatior  .Tor  developing  models  for  s hariat  ion ; t hat  can 
be  js-'d  for  *tnar-  cing  control-  that  are  instas  . _ l\  • tc  exc ' j r ad 
dynamic,  modes.  C»is  research  deals  with  me  littei 
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Consider  that  the  system  to  0 e studied  is  well  nodelen  set 
of  ordinary  differential  equations  given  in  canonical  state  -variable 
form: 
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For  the  case  that  n is  very  large,  one  is  s _-lacc  interested  in  observing 
all  the  state  variables.  It  r.o.  1 cases,  o:  -.  dwarves  only  a small  su' .set 
if  the  state  variables  or,  -•v  ’ generally,  t . .1  number  of  functiors  af 
the  state  variables:  i.e., 
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ana  p < n.  The  function  g is  called  the  aggregation  function.  The 
problem  of  aggregation  is  that  of  trying  to  find  a simpler  model  to 
generate  the  observed  variab-i.es  a than  that  provided  by  aqua t ions  (1*' 
and  (2).  Ideally,  one  seeks  an  aggregated  model  characterized  by  function 
f such  that 

q 

dq  = f (q.u)  , a(t  ) = g(x  ) , t -s-  t (3) 

■7^  Q o o o 

at 


where  rc  7 

VI 

fq  = : 

f 

l 3Pj 

In  general  there  exists  no  f such  chat  an  aggregated  model  can 
generate  the  observed  variables  of  a disaggregated  modeJ  (If  rne  state 
x is  observable  through  output  q,  then  q cannot,  in.  general,  be 
generated  by  a S3'stem  of  dimension  less  than  n)  . In  special  cases 
where  an  f can  be  found  such  that  eauation  (3)  is  valid,  the  aggregated 

q 

model  is  said  to  be  dynamically  exact  to  the  disaggregated  mod  -.’  with 
respect  to  q.  However,  dynamic  exactness  is  so  rare  in  prat: teal 
situations  that,  practically,  the  problem  of  aggregation  ia  t.aat  cf 
finding  a function  f that  can  be  used  in  generating  an  approximation  q^ 
to  a : 

= fq(vu)’  qa(to)  = *(V'  C > C0 


where 


q 


a 


Often,  Che  variables  of  interest  are  so  few  in  number  compared 
to  Che  dimension  of  the  disaggregated  model  (e.g.,  one  may  he  interested 
in  only  the  average  of  all  the  state  variables  in  1 complex  ivsterc  having, 
say,  50,000  state  variables)  that  there  is  little  hope  of  finding  any 
f to  generate  a reasonable  appreximat ion  tc  q.  In  such  cases,  it  is 
necessary  to  increase  che  dimension  cf  the  aggregated  rodel . Toward 
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this  end  the  aggregation  function  is  redefined: 


where 
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where  qc  represents  the  variables  of  interest  and  represents  the 
additional  variables  to  be  included  in  the  aggregated  model  to  increase 
model  dimension  for  purposes  of  improving  the  approximation.  Thus, 
function  gc  is  a fixed  function  defining  the  variables  of  interest 
and  function  g^  is  a function  to  be  selected  in  the  most  advantageous 
manner  in  designing  the  aggregated  model . 

In  trading  dynamic  exactness  for  model  simplicity  by  accepting 
an  approximation  to  q,  a difficult  problem  arises.  Namely,  one  must 
have  a basis  for  comparing  alternate  approximations.  Clearly,  the 
effectiveness  of  an  approximation  is  closely  tied  to  the  use  that 
the  aggregated  model  is  to  be  put  to.  Thus,  the  criteria  that  might 
be  used  in  evaluating  aggregated  models  to  be  used  for  estimation  and 
prediction  could  be  significantly  different  from  the  criteria  used 
when  the  models  are  to  be  used  for  determining  controls.  The  develop- 
ment of  pertinent  criteria  for  evaluating  aggregated  models  is  an 
essential  part  of  the  aggregation  problem. 
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AN  APPROACH  TO  THE  AGGREGATION  PROBLEM:  STRUCTURAL  SENSITIVITY 


1.  Structural  Sensitivity 

The  approach  taken  to  the  aggregation  problem  is  based  on  system 
structure.  Specifically,  system  models  are  represented  by  graphs 
such  as  link-node  structures  11',  system  diagrams  [17],  or  signal- 
glow  graphs  [18,  19]  in  which  certain  points  on  the  graphs  represent 
system  variables  and  an  influence  of  one  variable  on  another  is 
denoted  by  the  existence  of  a path  from  that  variable  to  the  other. 
Fundamental  to  this  approach  is  the  premise  that  a proposed  aggre- 
gated model  can  be  imbedded  within  a larger  system  defined  by  the 
disaggregated  system  (i.e.  , the  function  f ) and  the  aggregation 
function  (i.e.,  the  functions  gc  and  g ).  Importantly,  in  order 
that  the  proposed  aggregated,  model  exactly  generate  the  variables 
of  interest  q , it  is  necessary  that  additional  variables,  say  x^  , 
which  are  functions  of  the  state  variables  of  the  disaggregated 
model,  be  provided  as  special  inputs  to  the  aggregated  model.  These 
relations  between  the  larger-system  variables  x^  , and  the  proposed 
aggregated  system  variables  q and  q represent  connections  in  the 
system  graph.  Perfect  aggregation  is  achieved  when  the  q gener- 
ated by  the  aggregated  model  is  totally  insensitive  to  the  existence 
of  these  connections. 

With  such  insensitivity,  all  connections  from  the  larger  system 
can  be  literally  cut  and  the  aggregated  model  can  be  removed  from 
the  larger  system.  This  sensitivity  of  a system's  variables  to  the 
cutting  of  connecting  links  is  called  structural  sensitivity.  3y 
introducing  a gain  parameter  in  such  connecting  links  it  is  possible 
to  relate  structural  sensitivities  to  the  well-defined  parameter 
sensitivities  (e.g.,  a link  gain  equal  to  1 implies  the  connection 
exists  and  a link  gain  equal  to  0 implies  the  connection  is  broken). 
The  following  example  illustrates  the  proposed  approach  to  aggrega- 
tion. 


Consider  a continuous  autonomous  system  that  is  well  modeled  by 


dx 

dt 


fx(x) 


(x  is  an  n vector).  We  would  like  to  design  an  aggregated  model 

of  this  system  and  we  demand  that  the  aggregated  model  generate  a 
specified  set  of  outputs  q^  defined  by  a fixed  aggregation  function: 

qc  = gcU) 

(qc  ic'  an  r vector).  However,  although  we  wish  to  design  an  r-th 

order  aggregated  model  in  which  q is  the  state,  we  are  willing  to 
increase  the  dimension  of  the  aggregated  model  by  adding  variables 


q to  the  state  in  the  hope  that  the  inclusion  of  important  dynamic 
modes  of  the  original  system  in  the  aggregated  model  will  lead  to 
a better  approximation  of  q . The  variables  q are  selected  by  the 
designer  as  a function  of  tHe  state  variables :V 

qv  = gv(x) 

(qv  is  a p vector).  Thus , here  we  seek  an  aggregated  model  of 

the  form: 


dt“  = VVV 


,(qiV 


With  proper  care  in  selecting  the  aggregation  functions  g and  g 
so  as  to  avoid  algebraic  dependencies  among  the  elements  of  q and 
q , one  can  think  of  q and  q as  being  a set  of  r+p  state  variables 
in  a new  state  description.  This  would  then  leave  n-p-r  state 
variables  to  be  selected  to  complete  the  new  state  description. 
Denote  the  new  state  vector  by  x,  we  have 


where  x«  is  an  n-p-r  vector  that  is  augmented  to  q and  q to  com- 
plete tne  state  description,  xA  is  not  unique  an§  can  be  obtained 
by  an  appropriate  transformation  from  the  original  state  description. 

xA  - gA(x) 

Thus,  the  transformation  from  x to  X is  given  by 


gc(x)- 

gvU) 

SA(x) 


gt(x) 


where  gf  is  a transformation  function  and  as  such  has  an  inverse:  i.e. 
x = g(;1(^) 
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Differentiating  x with  respect  to  time  gives 


dx 

dt 


V (g  (x)) 

v4u>> 

Vx(gA(x); 


dx 

dt 


where  V(g  (x))  is  an  r+n  matrix  such  that  each  row  of  V^g  (x))is 
the  gradient,  in  the  x space,  of  the  corresponding  element  of  g (x) . 
Thus,  for  example,  the  i-th  row  of  Vx(gc(x))  is 


Vx(8ci(x))  = 


£fc  ifc  ifc' 

3x  3x  ’ * ‘ 3x 

l l n 


Similarly, 

matrix. 


V (g  (x))  is  a pxn  matrix  and  V (g  (x))  is  an  (n-p-r)xn 
Since  dx  , , . we  may  write  X ^ 
dt  = fx(x) * 


dSt 

dt 


vx(sc(x)) 

Vx(gv(x)) 

V (g  (x)) 
x A 


f (x) 

X 


And  sirce  x = g ^(x),  we  obtain  a set  of  transformed  state  equations 
for  the  original  system: 


dx 

dt 


x °c  °t. 


(x)))‘ 

(SO)) 

(SO)) 


or,  equivalently 
dqc 

dT  = fqc(qc’qv,XA^ 


dq 

d f = fqv(qc’qv’Xi) 
dxA 

— — = f . (q  ,a  ,x. ) 
dt  xA  c *v  A 


(5) 


VvvV  = Vgc(8tlu)))fx(gt1(k)) 

fqv(VVxAJ  - Vgv(^1(x)))fx(8t1(x)) 
^'’c-vV  = vx(gA(g;1(x)))fx(g;1(x)) 


Figure  1 shows  the  system  diagram  for  this  transformed  system. 
Clearly,  if  g and  g can  be  selected  so  that  q is  completely  inde- 
pendent of  x^  , then  perfect  aggregation  is  achieved.  This  inde- 
pendence is  equivalent  to  being  able  to  cut  the  connection  narked 
with  an  "X"  without  affecting  q . Note  that  perfect  aggregation 

is  achieved  if  f (q  ,q  ,q.)  is  insensitive  to  x.  . However,  in 
ac  c v A A 

terms  of  designing  an  aggregated  model,  this  condition  may  be  much 


too  strong, 
dx 

that  -r~  = 0 
at 


For  example,  suppose  the  system's  operations  is  such 


(i-6-’  fxA(VVXA  ) = 0) 

0 can  be  solved  for  x. 


and  f 


xA 

in  terms  of 


is  such  that 


q and  c 

1 /-I  * T 


In 


— \J  v_  d LI  U C 9U1VCU  1UL  A.  4.11  UC1UU3  U1  4 aiiU  VJ  • JL  LI 

tftis  case  although  f (q  ,q  x)  is  a runction  of  x.  ^ the  additional 

tL  V ^ jr  - _ • j 11 


relation  relating  x 


to  q^'and  q^  makes  perfect  aggregation  possible. 


In  situations  where  no  functions  g and  g_  can  be  found  that 
desensitize  q to  cutting  the  connections  bringing  x to  the  f 
and  f blocks,  an  approximation  procedure  is  suggested  which  i§C 
basedqon  introducing  a cutting  parameter  a.  Figure  2 shows  the 
svstem  diagram  of  equations  (5)  with  such  a cutting  parameter: 

^ = 1 gives  the  original  system:  a = 0 cuts  the  connections.  In 
this  system,  one  may  use  the  sensitivity  of  q to  the  cutting 
parameter  a as  an  indicator  of  the  effectiveness  of  aggregation  and 
proceed  to  look  for  the  functions  g^  and  g^  that  minimize  this 
sensitivity.  It  should  be  noted  that  the  sensitivity  of  q to  a not 
only  depends  on  the  aggregation  function  g but  also  on  the  set  of 
state  variables  selected  for  x^  : i.e.,  on  the  selection  function 

V 

The  approach  to  the  computation  of  the  structural  sensitivities 
is  straightforward.  The  outputs  qc  are  computed  with  a =■  I . For 
large  systems,  this  computation  could  strain  the  capacity  of  the 
computer  being  used  and,  perhaps,  prove  to  be  impractical  in  certain 
cases.  In  such  situations  where  the  limits  of  the  computer  are 
being  tested,  it  is  essential  that  efficient  computational  algorithms 
be  used  [19,203.  By  setting  a = 0,  the  smaller,  proposed  aggregated 
system  is  separated  from  the  larger  system  and  the  outputs  of  this 
smaller  system, qca,  are  computed.  The  structural  sensitivities 
are  simply  the  differences: 


Aqc 

Act 


q - q 

xa  nc 
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2.  Linear  Systems 


Although  it  is  quite  unreasonable  to  expect  that  any  tactical  C 
system  could  be  realistically  represented  by  a linear  time-invariant 
model,  it  is  nevertheless  useful  to  look  at  the  aggregation  problem  ]jor 
this  special  case.  Importantly,  many  large  subsystems  of  tactical  C 
systems  are  well  modeled  by  linear  differential  equations  and  some  pro- 
gress toward  obtaining  useful  aggregated  models  can  be  made  by  aggre- 
gating individual  subsystems  separately.  Further,  some  of  the  ideas  set 
forth  here  are  rather  simply  illustrated  using  linear  systems  as  exam- 
ples. However,  it  must  be  noted  that  the  assumption  of  linearity  gives 
rise  to  significant  simplifications  that  do  not  exist  for  any  other 
class  of  systems. 

Consider  the  case  that  the  system  of  interest  is  well  modeled  by 
the  set  of  linear  differential  equations,  written  in  matrix  form 


dx 

dt 


Ax  (=  f^Cx)) 


where  x is  an  n vector  and  A is  an  nxn  matrix  of  constants  with  the 
element  in  the  i-th  row  and  the  j-th  column  represented  by  a...  The 
variables  of  interest,  which  are  to  be  outputs  of  the  aggregated  model, 
are  linear  combinations  of  the  original  set  of  state  variables: 


qc  = Gcx  (=  Sc(*)> 

where  q is  an  r vector  (r<n)  and  G is  an  rxn  matrix.  Variables  q are 
*c  c c 

to  be  state  variables  of  the  aggregated  model.  Additional  state  var- 
iables q , where  q is  a p vector  (p<n-r) , may  be  allowed  in  the  aggre- 
gated moclel  to  improve  accuracy: 


qv  = Gvx  (-  gv(x)) 

where  G is  a pxn  matrix.  If  o and  q are  considered  to  be  state  var- 
V *c  v 

tables  in  a transformed  coordinate  system,  an  additional  n-p-r  state 
variables  must  be  selected,  also  as  linear  combinations  of  the  original 
state  variables,  to  complete  the  transformed  state  description: 


XA  = GAx  (=  gA(x)) 

where  is  an  n-p-r  vector  and  G^  is  an (n-p-r)xn matrix.  Thus,  repre- 
senting the  new  state  description  with  the  n vector  x,  we  have 


x 


G ! x 


Gx 


(=  gt(x)) 


where  G is  an  nxn  nonsingular  transformation  matrix  appropriately  con- 
structed from  submatrices  G , G , and  G^.  Differentiating  the  trans- 
formation equation  x=Gx  witfi  respect  to  t gives 
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dt 
where 


= GAG  x - G Ax 


qvi- 


GqvA  = GAG 


-1 


This  can  be  written  in  expanded  form  as 
dtl  „ 


— — = G q +G  q + G AxA  (=  f (q  ,q  ,xA)) 
dt  qq  c qv^v  qA  A qc  v A7' 


d<i. 


= G q + G q + GAxA  (=f  (o  ,q  ,xA)) 
dt  vq  c w v vA  A qv  ‘c  Mv  A' ' 


(6) 


dx . 


= GAn<^  + ga.a,  + gaaxa  <■  f A(q„»q„»xA>) 


dt  Aq’c  ' Av4v  “AAaA 


xu  *c  ‘v 


where  the  matrix  coefficients  of  q , q , x,  are  the  apprpriate  parti- 
tions of  G ,.  Figure  3 shows  theCsysten  diagram  corresponding  to 
equations  j^Jwith  the  cutting  parameter  a included.  The  objective,  of 


course,  is  to  find  the  transformation  submatrices  G and  G^  that  mini- 
mize the  sensitivity  of  to  the  cutting  parameterVa. 


To  illustrate  the  process  consider  the  following  simple  numerical 
example.  The  system  of  interest  is  well  modeled  by 


; dx. 


dt 

dx„ 


dt 


1 

0 

r— j 

1 

X I 

'x  (0)  1 

I 

r 1 
1 ! 

1 

1 

3 

i 

i 

i 

0 

1 

h-* 

o 

-X2  i 

_x2(°)  j 

The  variable  of  interest  is 


qc  =Co.i  i] 


We  wish  to  model  this  system  as  a first-order  linear  time- invariant 
system:  i.e.,  we  seek  a constant  g such  that 


T— 


— ■ 


JH!!™ 


where  q is  a "good"  approximation  to  q on  the  time  interval  i.0,13  . 
Note,  inathis  case  we  allow  no  additiona?  state  variables  qv  in  the 
aggregated  model. 


Paralleling  the  preceeding  development  we  have 


r- 

-1 

0 

‘g 

o 

H-* 

H* 

1 

, G = 

c 

= 

( 

0 

-1° 

gA 

8A1  SA2  j 

and,  thus, 


GAG-1 

= 

89A 

_SA? 

8AA  _ 

where 

108  a ‘ 

0.1gA2 

gqA  = 

-0.9 

gqq  = 

0,1 8A2 

“ 8A1 

°*1 gA2  “ SA1 

9gAl 

SA2 

8AA  = 

SA1  “ gA2 

" 

°'l8A2 

SA1 

0.1 gA2  “ 8ai 

and 


dqc 

dt 

8qq 

8qA 

K 1 

, 0<t<l, 

‘q  (0)  ' 
c 

j 

dx 

.8Aq 

8A4 

xA| 

L AJ 

/4<0)  J 

GAG 


,-i : 


Xi(0)  ] 


LX2(0)  J 


Perfect  aggregation  (i.e.,  dynamic  exactness)  is  achieved  when 
GA“[gA1  g^l  is  selected  so  that 


= 0,  0_<t_<l 


However,  since  dynamic  exactness  is  not  possible  in  this  case,  as  in 
most,  the  problem  is  to  select  GA  = [gA.  8^1  such  that  some  figure  of 
merit  derived  from  the  sensitivity  Aq  /3a  is  minimized.  There  are 
many  possibilities  for  defining  a figure  of  merit.  Some  examples  are: 
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*1  - w<» 


/ Aqc  2 

M.,  =/  ( (x))  w(t)  dx 

2 J Act 
0 

M3  */  l^(T,l“(T)  dT 

0 
rl 

M,  = I dT 

4 * Aa  q.1 

0 c 


where  figure  of  merit  stresses  the  importance  of  the  final  value  of 
q^,  M2  and  M-  consider  the  accuracy  of  q to  be  important  over  the 
entire  time  interval  (the  weighing  function  w allows  the  emphasis  to 
vary  over  the  time  interval) , and  is  in  terms  a normalized  sensi- 
tivity for  situations  in  which  one  is  concerned  with  percent  errors. 
Clearly,  the  figure  of  merit  to  be  used  in  any  instance  depends  on  the 
system  being  modeled.  For  this  example,  figure  of  merit  was 
arbitrarily  chosen. 

A simple  BASIC  program  was  written  to  determine  the  value  of 
Ga  * [ g^  §£2"]  that  minimizes  It  was  found  that  the  values 

g.  = -0.1256  and  gAO  =0.8744  result  in  [ M,  . - 0.6275.  Thus, 

A1  A2  4 ■*  mm 


10gAl  ~ °-lgl 
°'lgA2  ~ gAl 


= -6.306 


Therefore,  the  aggregated  model  is 


- -6. 306q  , 0<t<l,  q (0)  = 0.1x.(0)  + x,(0) 

at  ca c 1 2. 


For  purposes  of  comparison,  other  values  are  given: 

G.  = 1 0.1  results  in  M.  = 0.785  and  g = -10.09 

A 4 °qq 

G.  = 0.5  0.5  results  in  M.  = 0.825  and  g = -11.0 

a 4 qq 

The  interpretation  of  the  results  in  this  simple  example  is  rather 
straightforward.  By  defining  the  variable  to  be  observed  as  q =0.1x 
+X2»  we  have  in  effect  specified  an  interest  in  variable  X2  that  is  10 
times  greater  than  our  interest  in  x. . Since  we  wish  to  desensitize  q 
to  xA=g/'^x1+g^2x2’  gAl  and  gA')  must  °e  selected  so  that  xA  contains 
more  of  than  However,  since  the  relative  magnitudes  of  x^  and 

x9  are  neither  constant  nor  known,  it  is  not  obvious  how  g and  g, 0 
should  be  selected.  It  would  seem  natural  to  try  gA^=l  and  g^2=0-i 
and,  in  fact,  this  does  result  in  a reasonable  approximation.  However, 
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this  choice  results  in  an  excessive  suppression  of  which,  due  to 
its  relatively  large  magnitude,  contributes  to  q to  a greater  degree 
than  is  indicated  by  the  definition  of  q^. 

It  is  important  to  note  that  minimizing  the  figure  of  merit  in 
this  example  did  not  involve  a two-parameter  search.  The  sensitivity 
is  determined  only  by  the  ratio  g^0/g^.  It  appears  that  the  sensi- 
tivity A a / Aa  is  a function  only  of  tne  eigenvalues  of  the  transfor- 
mation matrix  G.  Thus,  row  operations  on  the  submatrix  of  G,  G^, 
that  eliminates  variables  appear  to  be  legitimate.  In  this  example 
we  could  just  have  well  used  G.  = 1 r , where  r=g „/g , instead 

of  a = Q a “ A^  Ai 

bA  SA1  gA2  ' 

CONCLUSIONS  AND  RECOMMENDATIONS 


Structural  sensitivities  appear  to  lead  to  a useful  measure  of 
effectiveness  for  aggregated  models  and  thus  appear  to  provide  the 
basis  for  a quantitative  approach  to  the  design  of  aggregated  models. 
Especially  important,  insofar  as  competitive  systems  is  concerned,  is 
that  by  using  structural  sensitivities  in  the  design  of  an  aggregated 
model,  attention  must  be  given  to  all  excluded  dynamic  modes:  it  is 
simply  not  suffcient  that  the  variables  of  interest  appear  to  be  rea- 
sonably approximated.  In  minimizing  structural  sensitivities  it  is 
virtually  not  possible  to  accidently  overlook  important  system  dynamics 
in  the  aggregated  model. 

Although  the  reasearch  conducted  thus  far  is  promising,  it  is  the 
result  of  little  more  than  one  month's  effort  by  this  writer  and  is, 
in  fact,  truly  preliminary.  Some  important  questions  have  been  raised 
which  point  to  promising  directions  for  future  research.  For  example: 

1.  In  designing  aggregated  models  of  large-scale  systems,  a mini- 
mization must  be  carried  out  with  respect  to  a large  parameter  space. 
Such  minimizations  can  be  difficult,  especially  when  there  are  many 
local  minima  to  contend  with.  Attention  should  be  given  to  trying  to 
reduce  the  dimension  of  the  parameter  space  by  using  the  least  number 
of  parameters  possible  in  defining  the  transformation  functions  g and 
g . In  addition,  a study  should  be  made  to  determine  which  minimiza- 
tion algorithms  (e.g.,  the  Powell-Flectcher  algorithms,  etc.)  are  most 
suitable  in  this  application. 

2.  By  actually  cutting  the  connecting  links,  the  variables  x^ 
being  fed  to  the  proposed  aggregated  model  are  actually  set  to  zero. 
This  is  of  no  concern  when  dynamic  exactness  can  be  achieved.  How- 
ever, when  the  aggregated  model  can  only  generate  an  approximation  to 
the  variables  of  interest,  one  should  consider  the  possibility  of 
introducing  bias  inputs  to  the  aggregated  model  at  the  points  where 
the  links  have  been  cut. 
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3.  Frequently,  one  may  wish  to  constrain  the  form  of  the.  aggre- 
gaged  model,  even  at  the  cost  of  having  a deteriorated  aggregated 
model  or  one  of  higher  dimension.  For  example,  one  may  require  that 
the  aggregated  model  be  linear  and  time- invariant  so  as  to  permit 
analytic  studies  of  the  model  instead  of,  or  in  addition  to,  simulation 
studies.  Methods  for  introducing  this  model  constraint  into  the 
setting  of  structural  sensitivities  should  be  studied.  This 
possibility  was  briefly  considered  and  the  simple  ploy  of  replacing 
the  first  of  equations  (5)  by  the  following  equation  seems  promising: 


uq 

d f = VVV  +^fqc(VVXA)  - VVVJ 


where  function  f characterizes  the  constrained  aggregated  model. 
However,  further^study  is  necessary  to  determine  how  variations  in 
the  constrained  model  parameters  affect  the  dynamics  of  the  sensitivity 
function. 


4.  Considerable  effort  should  be  directed  toward  developing 
rationales  for  various  forms  of  figures  of  merits  derived  from  struc- 
tural sensitivities.  Many  possibilities  come  to  mind,  including  inte- 
gral forms  (with  and  without  weighing  functions)  and  those  based  on 
final  values,  and  the  implications  of  each  ought  to  be  examined,  par- 
ticularly with  respect  to  the  relationship  of  the  effectiveness  of 
the  aggregated  model  to  the  magnitude  of  the  figure  of  merit. 

5.  Since  the  computations  of  sensitivities  are  so  much  simpler 
for  static  systems  than  for  dynamic  systems,  the  possibility  of  design- 
ing aggregated  models  by  examining  only  the  right-hand  side  of  the 
canonical  state  equations  should  be  carefully  investigated. 

6.  Linear  time- invariant  systems  should  be  studied  as  an  important 
special  case.  Certainly,  many  important  real  systems  are  modeled  as 
linear  time- invariant  systems.  However,  the  fact  that  linear  time- 
invariant  systems  yield  to  analysis  can  be  quite  helpful  in  developing 
valuable  insights  into  the  implications  of  structural  sensitivities. 

7.  A system  can  be  defined  such  that  the  sensitivities  Aq  /Aa 
appear  as  the  system  outputs.  Using  this  system,  the  problem  of  aggre- 
gation can  be  cast  as  a control  problem  in  which  the  sensitivities  can 
be  considered  to  be  error  signals  to  be  driven  to  zero.  Such  an  approach 
to  the  aggregation  problem  should  be  studied.  It  seems  likely  that 
certain  aspects  of  control  theory  will  prove  useful  here. 


8.  The  proposed  approach  to  aggregation  should  be  studied  with 
respect  to  the  zero-state  response  of  systems  to  classical  test  inputs 
(e.g.,  unit  steps,  sinusoids,  etc.).  It  is  clear  that  the  aggregated 
models  depend  on  the  system's  initial  state.  Yet,  in  many  systems  it 
is  unlikely  that  certain  system  state  variables  will  ever  assume 
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significant  values  because  of  the  large  attenuations  between  the  input 
adn  the  storage  devices  associated  with  those  state  variables.  In 
such  cases,  determining  acceptable  aggregated  models  might  be  simplest 
by  dealing  only  with  zero-state  input-output  responses.  For  the  linear 
case,  this  is  equivalent  to  looking  for  aggregated  transfer  functions. 

9.  A study  should  be  made  on  the  controllability  of  systems  using 
controls  derived  from  aggregated  models.  It  seems  that  such  a study 
makes  sense  only  if  a weaker  definition  of  controllability  is  used  so 
as  to  take  into  account  the  extraordinary  controls  generally  necessary 
before  the  neglected  dynamics  modes  can  significantly  affect  the  out- 
puts. Particular  attention  should  be  given  to  the  role  of  the  extra 
state  variables  q which  are  included  in  the  aggregated  model  only  for 
accuracy.  It  may  be  desirable  to  include  some  additional  state  var- 
iables for  purposes  of  controllability.  For  competitive  systems,  it 
is  especially  important  to  determine  the  effect  that  an  opponent 

can  have  on  controllability  and  to  try  to  design  an  aggregated  model 
so  as  to  minimize  this  effect. 

10.  A study  should  be  made  to  extend  the  results  to  discrete-event 
systems. 

11.  Finally,  the  proposed  approach  to  aggregation  should  be  used  to 
model  a real  system. 
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ABSTRACT 


From  the  spectrum  of  simulation  models  and  techniques  that  have 
potential  applicability  to  development  of  the  next  generation  of 
C I systems  for  the  Tactical  Air  Force,  the  multicomponent  exten- 
sion of  Lanchester's  equations  was  selected  for  detailed  investiga- 
tion. These  are  from  a class  of  models  which  are  termed  here  "over- 
view” models  and  have  important  attributes  for  combat  simulations. 

Multicomponent  Lanchester  equations  are  cast  into  the  standard 
state  variable  form  for  linear  differential  equati^s  with  autono- 
mous behavior  x = Fx,  which  has  the  solution2X  = e x(t  ).  However, 
it  is  shown  that  a small  block  (RB)  of  the  F matrix,  containing  no 
more  than  h of  the  elements  of  the  original,  contains  the  key  to 
both  computation  and  the  structural  properties  of  the  engagement. 

The  incidence  matrices  from  the  submatrices  R,  B and  RB  are  used  to 
generate  connection  graphs  which  make  the  engagement  under  study 
visible.  The  properties  of  RB  in  terms  of  the  various  engage- 
ment properties  — such  as  inaction,  attacks  without  defender 
response,  indirect  engagements,  engagement  trees,  direct  engagements 
and  loop  engagements  — are  presented  and  illustrated  with  example. 
Mathematically  these  give  rise  to  various  properties  associated  with 
non-negative  matrix  theory  such  as  transient  blocks,  primitive 
blocks,  cyclic  blocks,  and  certain  decompositions  into  independent 
engagements . 

Directions  are  suggested  for  additional  research  both  in  the 
mathematical  analysis  of  attrition  relationships,  and  in  computer 
aided  studies  of  higher  level  attrition  relationships  that  do  not 
lend  themsleves  to  closed  form  mathematical  treatment. 
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NOMENCLATURE 


b or  b(t) 

r or  r(t) 

m 

n 

3 


3.  . 
ij 


R.  . 
ij 


I 

F 


a tine  variable  m-vector  (or  column  matrix)  containing  as 
elements  the  size  of  the  components  (or  elements)  making 
up  the  blue  force. 

a time  variable  n-vector  (or  column  matrix)  containing 
as  elements  the  size  of  the  components  (or  elements) 
making  up  the  red  force. 

the  number  of  components  of  the  blue  force  (m  - n) . 

the  number  of  components  of  the  red  force  (n  - m) . 

a non-negative  n x m matrix  of  constants  representing 
the  capacity  of  components  of  the  blue  force  to  cause 
attrition  of  the  appropriate  red  component. 

the  ij  element  of  the  3 matrix  representing  the  capacity 
of  blue  componsk;  j (b.)  to  cause  attrition  of  the  red 
component  i (r^).  J 

a non-negative  m x n matrix  on  constants  representing  the 
capacity  of  components  of  the  red  force  to  cause  attri- 
tion of  the  appropriate  blue  component. 

the  ij  element  of  the  R matrix  representing  the  capacity 
of  red  component  j (r.)  to  cause  attrition  of  the  blue 
component  i (b.).  J 


B-]' 


A vector  (column  matrix)  that  can  be  partitioned 
into  two  column  matrices  with  b as  the  upper 
block  and  r as  the  lower  block.  The  state  vec- 
tor of  the  combat  model. 


represents  the  scalar  zero,  or  a matrix  of  zeros.  Sub- 
scripts represent  the  order  or  dimension  of  zero  matrix. 
The  subscripts  are  sometimes  implied. 

the  identity  matrix.  A subscript  gives  the  order,  but 
it  is  sometimes  implied. 


0 

m 


-3  ! 0 


n -J 


The  matrix  of  system  coefficients  which  can  be 
partitioned  as  shown. 


dx/dt.  It  is  represented  here  for  the  most  part  by  x = 
— the  canonical  form  for  linear  state  variable  differ- 
ential equations  with  autonomous  behavior. 

Ft 

e . The  state  transition  matrix.  With  subscripts  it 
represents  blocks  of  the  partitioned  state  transition 
matrix. 

the  time  variable. 

the  starting  time;  time  zero. 
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INTRODUCTION 


The  military  services  have  become  very  concerned  with  improving 
the  overall  effectiveness  of  their  decision-making  and  decision- 
execution  processes.  Command,  control,  communications,  and  intelli- 
gence are  important  ingredients  in  such  processes  and  the  integra- 
tion of  such  processes  into  a single  concept  is  now  denoted  C I. 

3 

The  development  of  C I systems  — integrated  hardware  and  software 
with  well  conceived  man-system  interfaces  — is  now  receiving  high 
priority,  and  the  Electronic  Systems  Division,  Air  Force  Systems 
Command,  is  concerned  with  the  next  generation  systems  for  the  Tacti- 
cal Air  Force.  Any  ideas  of  potential  consequence  for  such  systems 
are  being  examined  critically  by  a number  of  analysts.  One  area 
where  such  interest  lies  is  in  the  use  of  simulation  — and  its 
subset,  emulation  — in  a variety  of  ways.  As  one  working  with 
simulation  in  the  academic  world  this  10-week  period  has  been  an 
excellent  opportunity  to  obtain  a real  sense  of  needs  in  this  impor- 
tant field.  This  summer's  activity  has  led  to  the  following: 

1.  a^  excellent  indoctrination  in  the  needs  of  the  Air  Force  for 
C I systems; 

2.  an  examination  of  many  simulation  models  that  have  been  used 
or  are  presently  in  development; 

3.  a better  understanding  of  the  areas  where  the  Air  Force  ore- 
sently  has  hope  of  using  simulation  successfully;  and 

4.  a preliminary  analysis  of  where  simulation  might  prove  suc- 
cessful and  helpful,  and  conversely  where  it  seems  to  have 
little  likelihood  of  success. 

All  of  this  has  resulted  in  an  unparalleled  opportunity  to  look 
at  important  aspects  of  C I in  some  detail,  and  to  see  what  individual 
expectations  are  for  simulation  ig  support  of  it.  Special  atten- 
tion was  given  to  one  aspect  of  C I simulation  — that  concerned  with 
overview  models  of  combat  attrition 
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OBJECTIVE 


Simulation  is  under  consideration  for  several  C I applications. 
Broadly  speaking  these  applications  fall  into  two  groupings:  on^, 

the  use  of  simulation  for  support  in  the  design  and  test  of  new^C  I 
systems,  and  two,  the  embedding  of  simulations  in  some  of  the  C I 
system  hardware/software  for  a variety  of  real-time  operational  and 
training  needs.  In  both  cases,  however,  simulations  of  actual  air 
and  ground  combat  seem  to  be  needed. 


Much  work  has  been  done  on  combat  simulations  and  specialized 
models  have  been  constructed  at  many  levels  of  detail.  For  example, 
the  PERCAM  Model  (Volrand  1974)  simulates  a micro  air  defense  envir- 
onment by  looking  at  the  dynamics  of  ground  based  radar  (pulsing, 
scanning,  sensitivity  of  threshholds) , the  associated  ground-to- 
air  missile  dynamics  and  warhead  capabilities,  and  the  geometry  of 
the  intruding  aircraft.  All  of  this  is  done  on  a probabilistic  basis 
to  determine  expected  outcome  of  a small  encounter. 


On  a much  larger  scale  extremely  simple  models  of  large  engage- 
ments involving  forces  of  many  components  and  many  types  of  weapons 
in  large  scale  conflicts  have  also  been  used  extensively.  Such 
models  are  referred  to  here  as  "overview"  models,  since,  in  their 
simplicity,  they  do  not  include  the  dynamics  of  the  individual 
encounters.  Such  models  may  provide  useful  long  range  planning 
information,  but  the  lack  of  detail  makes  it  impossible  to  see  the 
little  things  that  can  often  make  the  big  difference  in  actual 
warfare. 


To  bridge  this  gap  many  Department  of  Defense  agencies  are  sup- 
porting development  of  large  models  which  can  simulate  large  scale 
warfare  but  with  a level  of  detail  approaching  that  of  the  models 
of  individual  weapons.  ESD  and  MITRE  have  been  following  the 


development  of  such  models  to  see  what  implications  they  may  have 
for  C I.  Games  (1977a)  and  Johnson  (1977a)  have  analyzed  many  of 


these  models.  Games  in  particular  provided  extensive  references  to 
many  of  these  models.  Whatever  the  success  of  these  might  be,  it 
seems  clear  that  their  complexity  will  limit  their  usefulness 
largely  to  studies.  The  ability  to  exercise  them  in  an  operating 
environment  seems  limited. 


Accordingly  it  seems  that  the  parallel  development  of  overview 
models,  which  can  make  use  of  information  generated  at  the  detailed 
level  innovative  and  useful  ways,  is  indicated. 


The  change  to  expand  the  horizon  and  sensitivities  of  such  over- 
view models  led  to  the  present  study  of  attrition  relationships  for 
overview  models. 
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ATTRITION  RELATIONSHIPS 


As  discussed  earlier,  simulation  models  which  exercise  the  dynamics 
of  interactions  between  weapons  of  different  types  are  difficult  to  embed 
in  models  of  large  engagements.  The  combinatorial  problems  often  make 
the  models  too  large  and  the  computation  time  too  long  for  present  com- 
puters. Further,  the  problem  of  design  of  input  scenarios  for  the 
friendly  and  response  rules  for  the  enemy  could  make  exercising  the  model 
under  a variety  of  options  prohibitive. 

However,  if  overview  models  are  to  prove  useful,  it  is  necessary 
to  embed  in  them  the  results  of  detailed  studies  of  individual  weapon 
effectiveness  against  different  types  of  target.  The  development  of  such 
attrition  relationships,  however,  need  not  be  delayed  until  detailed  eval- 
uations of  weapon  effectiveness  are  made.  Whether  detailed  weapon 
effectiveness  information  has  been  developed  in  actual  combat,  in  war 
games,  in  equipment  test  at  proving  grounds,  by  simulation,  or  from  the 
judgment  of  those  individuals  with  the  requisite  expertise,  such  informa- 
tion may  be  expected  to  lead  to  functional  attrition  relationships  and 
schemes  for  selecting  parameters  for  particular  applications. 

At  the  same  time  it  is  necessary  to  examine  the  classes  of  overview 
models  which  may  be  useful  in  the  higher  levels  of  CpI,  while  making 
effective  use  of  information  developed  in  the  detailed  studies.  Accord- 
ingly, some  promising  structures  for  overview  models  are  discussed  in 
this  section. 

Lanchester's  Relationships 

In  any  studies  of  overview  models  of  warfare  the  starting  point 
is  often  the  work  of  F.  W.  Lanchester  (1916).  His  relationships  have 
been  the  basis  of  many  recent  modelling  efforts  and  it  is  important  to 
review  them  here. 

Lanchester,  in  a collection  of  papers,  Mathematics  in  Warfare, 
proposed  three  pairs  of  simple  simultaneous  linear  differential  equations 
to  represent  three  different  perceptions  of  the  nature  of  warfare.  His 
analyses  centered  on  relative  measure  of  strength  of  forces  rather  than 
on  the  time  oriented  dynamics  of  the  engagements.  Accordingly  he  suppressed 
the  time  variable.  His  results  are  summarized  briefly  below. 

1.  Ancient  Warfare  - The  Linear  Law.  In  the  case  of  weapon  against 
weapon  in  a target  poor  environment  massing  of  forces  produced  no 
particular  advantage.  The  describing  differential  equations  are 
6 * -R,  and  r = -B.  The  solution  with  time  suppressed  is  Bb  - Rr  * con- 
stant. Here  force  effectiveness  is  proportional  to  force  sizes  and  a 
plot  of  b versus  r produces  a straight  line.  If  the  constant  is  not  zero 
one  of  the  forces  will  be  extinguished  in  a finite  time. 


2.  Modern  Warfare  - The  Square  Law.  Lanchester  describes  the  typical 
modern  warfare  situation,  one  of  aimed  fire  in  a target  rich  environment, 
by  the  following  relationships:  6 = -Pr,  and  r = Bb.  The  solution  with 
time  suppressed  is  Bb^  - Rr^  = constant.  A plot  of  r versus  b produces 

a hyperbola.  Here  massing  of  forces  gives  a distinct  advantage  — the 
square  law  advantage  — since  the  effectiveness  of  each  force  is  pro- 
portional to  the  square  of  its  size.  Again  if  the  constant  is  not  zero, 
one  of  the  forces  will  be  extinguished  in  finite  time. 

3.  Area  Fire  - Another  linear  relationship.  Lanchester  describes  a 
third  form  of  warfare  in  which  area  fire  ("firing  into  the  brown")  replaces 
aimed  fire.  In  this  situation  combat  effectiveness  is  treated  as  propor- 
tional to  the  size  of  the  enemy  force  present  and  the  describing  differ- 
ential equation  are  £>  = RBr,  and  r = BRb.  The  solution  with  time  sup- 
pressed is  identical  to  the  first  case.  Again,  the  effectiveness  of  each 
force  is  proportional  to  its  size.-  The  timewise  behavior,  however,  differs 
from  the  first;  no  force  is  extinguished  in  a finite  time. 

Lanchester  examined  the  validity  of  these  relationships  in  the 
context  of  historical  engagements.  He  also  looked  briefly  into  mixed 
situation  in  which  one  force  is  using  aimed  fire,  and  the  other  is  using 
area  fire. 

Lanchester -like  Attrition  Relationships 

Lanchester  concepts  have  been  extended  in  several  directions. 

Games  (1977a),  looked  at  the  aimed  fire  cases  where  the  red  and  blue 
forces  are  represented  by  multiple  components  rather  than  aggregated 
amounts.  Games  & Witt  (1978)  created  a simulation  model  (Simplified 
Tactical  Air  Simulation,  or  STACS)  in  which  they  exercised  several 

concepts  of  engagements,  disengagements,  mobility  and  allocation  of 
force  components.  This  model  takes  the  form  x - Fx,  where  F is  the  matrix 
of  coefficients  of  the  perceived  linear  interactions. 

Johnson  (1978a)  with  Edwin  Key  examined  multi-component  models  of 
the  x = Fx  form,  and  succeeded  in  extracting  "constants  of  the  engagement” 
for  some  specialized  cases. 

Johnson  (1977b)  also  looked  at  one-versus-one  situations  of  the 
form  6 = -Rr^bJ , and  r = -Br^b^,  where  the  exponents  i,  j , k,  and  p can 
be  selected  to  accommodate  a modeller's  perception  of  force  interrelation- 
ships. By  selection  of  exponents  from  the  set  {0,  lj  any  of  Lanchester's 
three  original  formulations  can  be  reproduced.  For  these  forms  Johnson 
derived  a generalized  formula  for  computation  of  the  "constant  of  the 
engagement".  Fain  (1977)  and  Willard  (1962)  examined  many  historical 
engagements  using  a subset  of  these  relationships  in  attempts  to  impute 
values  of  some  of  the  exponents  — and  to  examine  their  credibility. 

Everett  (1977)  formulated  some  extensions  of  Lanchester  models 
in  order  to  explore  the  effects  of  firing  accuracy,  resolution  of  targets, 
delayed  intelligence  information,  and  motion  of  targets  on  force  effectiveness. 


Durstine  (1963)  and  Latchaw  (1972)  examined  cases  where  forces 
were  replenished  at  constant  rates.  Latchaw  also  included  losses  of 
effectiveness  of  forces  due  to  illness,  accident,  desertion,  etc.  Both 
of  these  studies  were  extensions  of  Lanchester's  Modern  Warfare  format. 

It  can  be  seen  that  there  has  been  a sustained  interest  in  the 
Lane he s ter -based  relationships. 

Multi-component  Lanchester  Linear  Systems 

Analytically  tractable  Lanchester-like  cases  arise  from  those 
multi-component  cases  that  can  be  represented  in  the  canonical  form  for 
linear  state  variable  differential  equations  with  autonomous  behavior 
(x  = Fx) . Although  there  are  limitations  in  such  formulations,  we  can 
learn  from  a number  of  special  cases.  Using  the  definitions  provided  in 
the  Nomenclature  section  we  proceed: 

Richard  Games  (1977a)  has  shown  that 


I ■ 0 

m| 


0 i I 


r 

0 ! -R 

,-B  0 


RB  ! 0 


•I 


t 0 , BR 


0 1 -RRB 


j-BRB * 0 


F4  = 


155LL-2- 


0 ! (BR) 


, and,  in  general 


^(RB)n/2',  0 


mxn 

i - n7 2 


Fn  i 


0nvm  ' (BR) 

nxm 

I 


r o 


for  n £ 0 and  even, 


; -crb)'"-1*'2* 


Hbr)'"’112b  : o 


for  n - 1 and  odd. 


Note  that 


(RB)  ° 


I and  (BR) 0 = I . 
m n‘ 


Ft  Ft 

The  solution  is  of  the  form  x(t)  = e x(t  ) , with  e 

o 


Z(Ft)  /n! 
n = 0 


Def ining 
Ft 


0 (t) 


$n ; ^12] 
$ 

'o 


we  note  that 


| $ ; $ 

b(t)  « ^n(t)b(t  ]l  '+  ^2(t)r(to),  and 


r(t)  = *21  (t)b(to)  + ^(^(t  ). 
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The  $ . can  be  expressed  in  terms  of  sums  of  a potentially 
infinite  numbed  of  terras  made  up  from  the  powers  of  either  RB  or  BR.  Since  RB 
is,  in  general,  of  lower  order  than  BR  (since  m - n)  it  is  useful  to  recast 
the  in  terms  of  sums  related  to  RB.  (Note  that  if,  e^c  is  to  be 
approximated  by  truncated  power  series,  no  more  than  nr  elemental 
approximate  sums  are  required.  All  elements  of  eft  ar®  linear  combinations 
of  these  sums.)  Proceeding,  the  can  be  found  using  the  powers  of  F 
previously  given: 

$>  « I + (RB)t2/2!  + (RB)2t4/4!  + (RB)3t6/6!  + . . . 

11  ra 

<t  = -Rt  - (RB)Rt3/3!  - (RB)2Rt5/5!  - . . . 

$2i  - -Bt  - (BR)Bt3/3!  - (BR)2Bt5/5!  - . . . 

$>  = I + (BR)t2/2!  + (BR)2t4/4!  + (RB)3t6/6!  + . . . 

LL  n 

k k 

The  (BR)  are  now  reformulated  in  terms  of  powers  of  RB  as  (BR)  = 

k-1  — 1 

B(RB)  R.  Note,  however,  it  is  not  possible  in  general  to  use  (RB) 

since  there  is  no  assurance  that  RB  is  full  rank.  (Further,  BR  can  never 

be  of  full  rank  when  m<n.)  Working  first  with  an<*  $21 : 

= -(I  t + (RB) t3/3 ! + (RB)2  t5/5!  . . . )R 

I L 111  ^ a r 

3>  = -B(I  t + (RB)t  /3!  + (RB)  't  / 5 ! . . . ) 

z I m 

Note  that  the  parenthetical  expressions  are  the  same  in  each  case  and  will 
be  denoted  Sum^.  Similarly, 

$, , = I + (I  t 2 / 2 ! + (RB)t4/4!  + (RB)2t6/6!  + . . . )RB,  and 

I I m m n / 2 6 

$,„  = I + B (I  t /2 ! + (RB) t /4 ! + (RB)  t /6!  + . . . )R. 
il  n m 

Again  the  two  parenthetical  expressions  are  the  same  and  will  be 


denoted  Sun^. 

Thus, 

r b 


I + (Sum„)RB 
m 2 


-B(Sura^) 


■(Sum^)R 


I + B ( Sum- ) R I r (t  )j 
n i J t o* 


W 


Note  that  the  time  variable  appears  only  in  the  summations. 
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± m - m 


Sum^  and  Sun^  are  easily  comouted  using  the  following  process: 


Working  Term 
(m  x m) 

Start  It  = 

m 

x t/2  = 

x RBt/3  = 


Accumulation 
of  Sum^ 

(m  x m) 

P I t 

m 

fc(RB)t3/3! 


x t/4 
x RBt/5 
x t/6 


(RB)2t5/5! 


etc . 


Accumulation 
of  Sum^ 

(m  x m) 


* I t2/2! 
m 


^(RB)t4/4! 

>(RB)2t6/6! 


Towards  Physical  Interpretation  of  Multi-component  Lanchester  Systems. 

Observing  that  RB  is  a square  non-negative  matrix  it  is  useful 
to  examine  some  general  properties  of  such  matrices  (Senata  1973)  . 

A non-negative  matrix  T is  a matrix  in  which  all  elements  are  non- 
negative and  is  denoted  by  T - 0.  Similarly,  a positive  matrix  T is 
one  in  which  all  elements  all  elements  are  greater  than  zero  and  is 
denoted  T > 0.  A square  non-negative  matrix  is  called  primit ive  if 
there  exists  a positive  integer  k such  that  T^  is  a positive  matrix. 

Clearly  such  a T raised  to  any  power  higher  than  k would  also  be  positive. 

An  incidence  matrix  T corresponding  to  a given  non-negative  matrix 
T replaces  all  the  positive  entries  of  T by  ones.  T is  primitive  if  and 
only  if  T is  primitive.  All  of  the  properties  of  connect ivity„between 
indices  of  T can  be  examined  by  treating  the  incidence  matrix  T as  a graph 
of  paths  between  indices.  Matrices  that  are  not  primitive  can  be  rearranged 
by  a permutation  of  indices  into  a canonical  form  (a  lower  triangular 
block  form)  making  it  easier  to  recognize  the  submatrices  that  exhibit 
cyclic  or  transient  behavior.  Cyclic  behavior  is  indicated  when  a 
specific  matrix  element  periodically  assumes  a zero  value  as  T (>0)  is 
raised  to  increasingly  high  powers.  For  example,  in  any  sort  of  a complex 
engagement  the  -F  matric  is  cyclic  since  zero  blocks  appear  alternately  in  the 
diagonal  and  off  diagonal  positions.  Transient  behavior  is  indicated  when 
the  value  of  a specific  matrix  element  in  Tk  reaches  zero  and  remains  so 
for  all  t3£  j>k.  An  example  will  be  given  later  for  the  transient  case 
where  (RB)  = o for  some  k>l . In  this  particular  case  all  elements  exhibit 
transient  behavior. 

Note  in  particular  that  it  is  possible  for  the  ranks  of  T and  T to 
be  different.  For  example: 
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4 


(rank  1) 


T t. 


3I 

2 


(rank  2) , whereas  T 


l1  M 

i l l ] 


Hence  rank  does  not  determine  the  connectivity  between  indices  (and,  there- 
fore, does  not  reflect  the  engagement  relationships  between  components  of 
forces).  Rank  is  simply  an  accident  of  the  numbers  that  are  selected  as 
attrition  coefficients. 


Games  (2977a)  examined  the  properties  of  the  F matrix  in  terms  of 
diagonalability  of  RB  and  BR,  and  the  ranks  of  R,  B,  RB  and  BR,  to 
establish  the  circumstances  that  give  rise  to  the  occurrences  of  finite 
powers  of  t in  the  elements  of  eF  . However,  he  attached  no  physical 
interpretation  to  these  results.  Also  Edwin  Key  and  Kent  Richard  Johnson 
(Johnson  1978a)  looked  at  "constants  of  the  engagement"  and  decomposition 
of  state  vectors  (subject  to  rank  B = m)  but  they  deferred  examining  the 
physical  significance. 

Using  non-negative  matrix  concepts  we  are  able  to  attach' physical 
significance  to  some  special  cases  and  speculate  about  the  physical 
significance  of  others.  Since  the  behavior  of  the  RB  matrix  pervades 
all  subsequent  discussion  it  will^be  convenient  to  first  give  its  physical 
interpretation.  Accordingly,  RB^.  — 1 means  that  blue  component  j (b.) 
is  attacking  one  or  more  red  components  that  are  themselves -directly 
attacking  blue  component  i (b.).  When  *RB . . = 0,  b.  may  or  may  not  be 
engaging  other  components,  anct  b.  may  be  riceiving^ attrition  from  some 
red  component,  but  the  relationship  of  these  encounters  is  not  of  the  type 

described  for  RB . . = 1 . 

iJ 

Ft 

It  was  shown  that  the  behavior  of  the  elements  of  e could  be 
determined  from  the  various  integer  powers  of  RB.  Note,  however,  this 
formulation  is  valid  only  as  long  as  x remains  non-negative.*  At  any 
point  in  time  when  an  element  of  the  b or  r vector  tends  to  go  below 
zero,  the  coefficients  of  both  the  R and  B matrices  must  be 
adjusted  to  show  no  further  attrition  to  that  element. 

In  a large  simulation  involving  many  components  over  an  extended 
period  of  time,  it  may  be  expected  that  the  matrix  F will  be  reformulated 
many  times  to  accommodate  destruction  or  withdrawal  of  components.  Generally, 
in  a computer  model  it  is  not  desirable  to  adjust  the  matrix  and  state 
vectors  sizes,  and  renumber  components  each  time  a unit  is  entered  into  or 


*As  a practical  matter  the  behavior  might  not  be  well  described  by 
constant  coefficients  when  the  component  size  is  reduced  to  near  zero. 

As  Lanchester  points  out  in  his  original  work,  such  situations  are  not 
well  described  by  this  model.  To  the  extent  that  wipe-out  is  threatened 
the  Lanchester  model  becomes  more  and  more  questionable. 
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removed  from  the  engagement.  Within  a constant  matrix  size  it  is  important 
to  reflect  such  circumstances  by  changing  entries  in  the  R and  B matrices 
as  well  as  in  the  state  vector . A unit  may  become  "uninvolved"  in  the 
engagement  by  changing  all  coefficients  in  the  R and  B matrices  associated 
with  that  unit  to  zero  — no  changes  required  in  its  state  vector. 

We  not  examine  the  various  types  of  physical  engagement  in  the 
context  of  their  R and  B representations. 

Case  I.  The  Constant  Case.  (No  engagements) 

Ft 

For  the  condition  R = 0 and  B=0,RB=0,e  =1,,  and  b(t  ) 

m+n  o 

and  r(tQ)  remain  constant.  There  is  no  interaction,  no  attrition:  nothing 
is  taking  place.  Such  a situation  represents  peace  — although  perhaps  a 
short  one,  since  this  situation  could  arise  during  periods  of  maneuvering, 
reinforcement,  etc.  in  preparation  for  engagements  or  as  a deterrent  to 
engagements.  So  while  this  situation  may  occur  over  intervals  of  the  time 
scale  of  a large  dynamic  simulation  model  (as  well  as  in  actual  war)  we 
can  conclude  this  case  by  a representative  graph  showing  nodes  with  no 
branches. 

Blue  force  Red  force 


Case  II.  The  Linear  Cases.  (No  counter  response  to  attacks) 

The  linear  cases  arise  when  both  RB  and  BR  are  equal  to  zero. 
Either  R or  B,  but  not  both,  may  be  equal  to  zero.  When  R ^ 0 and  B # 0 
the  state  transition  matrix  becomes 


r— 

I 

' -Bt 

m 

l 

-Rt 

l 1 ' 

1 n ^ 

The  two  identity  blocks  pick  up  the  initial  conditions  for  all  components. 
The  elements  of  the  B matrix  that  are  not  zero  cause  linear  time  reduction 
of  the  corresponding  red  elements.  Similarly,  the  elements  of  the  R matrix 
that  are  not  zero  cause  linear  time  reduction  of  the  corresponding  blue 
elements . 

A specific  dxample  of  a 2-component  blue  force  in  the  field  with 


19-13 


_ 
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a 3-component  red  force  will  show  this  type  of  relationship.  Here,  the 
attack  is  shown  by  an  arrow  from  the  attacking  component  to  the  one  under 


attack. 


Blue  force 


Red  force 


Here  B 


f1  o oT 
1.0  0 Oj 


and  R 


_ fo 


0 0 0 

o i i; 


© 


RB  = 0 and  BR  = 0. 


The  engagment  here  represents  components  under  attack  "holding 
their  peace"  either  literally  or  due  to  their  inability  to  respond  to  the 
enemy  in  general,  or  the  attacking  eleraent(s)  in  particular.  Such  situations 
could  easily  arise  in  situations  where  units  have  no  effective  fighting 
power,  but  are  present  in  the  war  theatre  for  other  reasons,  such  as 
intelligence  or  logistic  activities. 


Case  III.  The  Quadratic  Cases.  (Indirect  Engagements) 

Moving  up  the  scale  in  combat  complexity  as  evidenced  by  the 

increasing  complexity  of  the  RB  matrix,  simple  quadratic  cases  arise 

when  one  or  the  other  (but  not  both)  RB  and  BR  are  equal  to  zero.  Note 

2 

that  when  RB  = 0,  Sum,  = I t and  Sum-  = I t /2.  Accordingly  the  state 

i in  l m 

transition  matrix  becomes 

r.  f I 1 -Rt  1 


-Bt  , I + BRt  /2 
i n 


(When  instead,  BR  = 0 the  quadratic  term  appears  in  the  first 

3 

diagonal  blocks  are  unchanged  although  Sum.  = I t + (RB) t / 3!.  The  pre- 

i m 

multiplication  of  this  sum  by  B,  and  the  post-multiplication  by  R remove 
the  cubic  terms.) 

Staying  with  the  2-versus-3  situations  to  generate  examples,  the 
RB  = 0 quadratic  case  is  shown  here. 


Blue  force 

GV- 


Red  force 


>< 

- ' r2) 
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example  B = Q °Q  °]  and  ^ "fo.g.5" 

i non-zero  element  in  the  1 , 2-position 


In  this  example  B = Lq  q QJ  and 
a single  non-zero  element  in  the 
resulting  state  equations  are 

bl  = W - R12r2(to)l: 

b2  = W 


Here  RB  = 0,  but  BR  has 
equal  to  The 


rl  = rlCto}  “ B 1 1 Cb  1 (to)  ' R12r2(to)t/23t 


r2  = r2(to} 
r3  = r3(to) 

Reviewing  these  results,  we  see  that  the  attrition  of  the  blue-1  component' 
is  proceeding  linearly  with  time  under  attack  of  the  constant  red-2 
component.  The  attrition  of  the  red-1  component  would  proceed  linearly 
with  time  but  for  the  secondary  effect  of  red-2 's  concurrent  action  against 
blue-1.  Note  that  while  red-2  is  involved  in  the  action  it  is  receiving 
no  attrition.  Neither  blue-2  nor  red-3  are  involved.  It  should  be  clear 
from  the  graph  why  the  quadratic  cases  were  identified  as  indirect 
engagements . 

Case  IV.  Higher  Order  Polynomial  Cases.  (Also  Indirect) 


The  above  three  cases  are  illustrative  of  situations  in  which  the 
calculations  of  Sum^  and  Sum-  involve  the  summation  of  finite  numbers  of 
terms.  Clearly  in  any  situation  where  (RB)  -z.  0 for  some  positive  integer  k, 
it  will  be  zero  for  all  higher  powers  as  well.  The  following  example 
illustrates  that  i£  the  graph  of  the  incidence  matrix  - F has  no  loops 
(or  cycles)  that  FK  = 0 for  some  k.  Accordingly,  all  the  elements  of  the 
state  transition  matrix  will  be  polynomials  of  finite  degree. 


Blue  force 


Red  force 


In  this  case  B 


1 0 0 


0 1 0 


. U i , — 

• I , but  (RB) ‘ 

0 o) 


c* 

and  R 


PH 

\_0  0 lj 
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Case  V.  Infinite  Series  of  Matrices  (Direct  Engagement) 

When  loops  appear  in  the  connection  diagram  the  idea  of  full  engage- 
ment is  encountered.  The  existence  of  a loop  can  be  confirmed  by 
observing  that  there  is  no  integer  k such  that  (R3)  = 0. 


In  the  case  of  no  loops  Sum^  and  Sum„  could  be  represented  by 
finite  sums.  However,  the  presence  of  loops  in  the  connection  dia- 
gram creates  a situation  in  which  the  matrix  power  series  for  Sum^  and 
Sum2  do  not  terminate.*  The  case  of  concern  here  — the  direct 
engagement  case  — is  one  which  a block  of  the  R3  matrix  can  be  iden- 
tified as  primitive.  The  cyclic  blocks  make  up  the  next  case.  To 
clarify  this  two  examples  are  given. 


Simple  Direct  Engagement 

@=© 

© © 

© 


k > 0.  If  RB  is  treated  as 
a partitioned  matrix 


it  can  be  seen  that 


block  1,1  is  primitive.  (The 
0 blocks  occur  because  the  unin- 
volved components  were  retained 
in  the  model.) 


Extensive  Involvement 


Here  RB  is  primitive, 
elements  of  the  state 
ition  matrix  are  made 
infinite  series  in  t. 


All 
trans- 
up  of 


From  the  examples  given,  it  would  appear  that  the  existence  of 
direct  confrontations  — such  as  b^  versus  r^  in  the  first  example  and 
b„  versus  r^  in  the  second  example  — causes  primitive  blocks  to  appear. 
(The  existence  of  primitive  blocks,  however,  does  not  imply  direct 
confrontation.)  Cyclic  cases  also  produce  series  for  Sum^  and  Sum0 
that  do  not  terminate.  These  do  not  have  direct  confrontations.  The 
next  case  should  clarify  this  point. 


*There  may  be  elements  in  Sum^  and  Sum,,  that  are  made  up  of  terminat- 
ing series.  Such  elements  simply  indicate  that  the  corresponding 
force  components  are  not  "fully  involved".  That  is,  they  are  not  part 
of  a loop.  Our  interest  here  is  focused  on  the  components  that  are 
fully  involved. 


! 
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Case  VI.  Infinite  Series  of  Matrices  (Circular  Interaction) 

The  fact  that  there  is  no  k which  causes  (RB)  to  disappear  does 
not  guarantee  the  presence  of  primitive  blocks.  Engagements  with 
only  cyclic  blocks  do  occur.  Let  us  examine  the  following  connec- 
tion diagram: 


Here  R3  has  a cyclic  behavior  of  period  2.  Although  Sum^  and  Sum,  are 
still  non- terminating  series,  alternate  power  terms  (since  the  per- 
iod is  2)  will  be  missing. 


Note  that  the  connections  here  are  the  same  as  those  in  the  second 
example  of  Case  V,  except  that  here  r^  is  not  involved  in  the  engage- 
ment. Thus,  it  is  seen  that  the  inclusion  of  r in  the  engagement 
in  the  manner  specified  in  Case  V changes  the  RB  matrix  from  cyclic 
to  primitive. 

The  technique  for  creating  examples  of  engagements  containing 
periods  greater  than  two  can  easily  be  visualized. 


Summarizing  Cases  V and  VI  we  note  that  it  is  only  when  RB  has 
primitive  or  cyclic  blocks  that  the  defined  sums  (Sum^  and  Sun^) 
will  be  non-terminating.  This  condition  implies  loops  in  the 
connection  diagram. 

Case  VII.  One-versus-many . A special  case  with  closed  form  solution. 

As  development  of  overview  models  proceeds  many  special  features 
will  have  to  be  considered.  Some  of  these  may  be  optimum  allocation, 
mobility,  the  timing  of  reallocation  decisions,  time  varying  coeffi- 
cients, and  reinforcement  policy.  For  these  deliberations  it  may  be 
useful  to  have  an  analytic  solution  of  the  most  general  Lanchester 
model  that  lends  itself  to  such  treatment.  This  appears  to  be  the 
one-versus-many  case  for  which  the  closed  form  solutions  are  given: 
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For  m = 1 (the  blue  force  hap  only  one  component),  and  by  defin- 
ing a scalar  constant  c * +(R3) “ the  state  transition  matrix  takes 
on  the  form: 


f 


-Bt 


\ 2 
i I +BRt  /2 
> n 


cosh(ct) 


I 


(l/c)sinh(ct)B  1 

i 


I 

n 


if  c = 0,  and 


~(l/c)sinh(ct)R  I 

(1/c2)  [ cosh(ct)-!^  BR  j 


otherwise. 


Case  Z.  Combinations  of  Engagements. 

As  one  might  expect  in  larger  systems,  mixtures  of  all  of  the 
preceeding  cases  can  occur.  When  it  is  possible  to  decompose  the 
F matrix  and  state  vectors  into  separate  encounters  these  subsidiary 
engagements  become  visible.  An  alternate  method  of  making  the 
separate  engagements  visible  is  to  rearrange  the  -F  matrix  into  the 
canonical  (lower  triangular  block  form).  All  closed  primitive  and 
cyclic  blocks  would  then  appear  in  the  diagonal  blocks,  and  the 
contributions  of  elements  not  fully  engaged  would  appear  in  the  lower 
triangluar  part  of  the  matrix. 


Mote  that  not  all  types  of  engagements  have  been  examined.  We 
have  not  considered  connections  that  may  be  described  as  trees 
leading  into  loops,  loops  within  loops,  connected  loops,  trees 
leading  out  from  loops,  and  other  exotic  non-decomposible  combina- 
tions. Although  physical  interpretation  of  such  cases  is  obvious 
from  the  connection  graphs,  the  detailed  influence  of  these  connec- 
tions on  the  state  transition  matrix  is  not  obvious  and  further 
study  is  called  fori  But,  no  matter.  Whatever  behavior  obt^j,ns, 
the  RB  matrix  is  the  key  to  finding  all  of  the  elements  of  e 


At  the  very  least,  this  approach  to  analyzing  the  exponential 
matrix  in  power  series  form  is  developing  insight  into  fundamental 
relationships.  In  any  actual  simulation,  approximate  solutions  of 
x ■ Fx  would  most  likely  be  found  by  numerical  integration  using  a 
variable  time  step.  Upon  the  occurance  of  certain  state  conditions 

— e.g.,  the  impending  attrition  of  a component  to  a negative  value 

— the  F matrix  would  have  to  be  adjusted  before  the  integration 


could  continue.  The  Fortran-based  combined  simulation  method  GASP  IV 
developed  by  Pritsker  (1974)  is  well  suited  to  such  investigations. 

It  is  capable  of  treating  all  of  the  continuous  and  discrete  behav- 
iors the  various  models  might  take  on.  Further,  extensions  to 
studies  of  non-linear,  parametric,  and  probabilistic  attrition 
relationships  could  be  easily  accommodated  by  simple  programming 
changes . 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  results  of  this  study  of  the  expanded  Lanchester  model  show 
that  there  is  still  much  to  learned  by  mathematical  inquiry  into  attrition 
relationships.  In  this  particular  case  it  was  shown  for  the  multi-component 
model  that  a small  incidence  submatrix  (derived  from  RB)  of  the  overall 
system  matrix  (F)  held  the  key  to  perceptions  of  the  interactions. 

Much  work  remains  to  be  done  in  the  development  and  examination  of 
force  relationships  for  inclusion  in  overview  models  for  C-^I.  In  the  past 
such  force  relationships  have  been  based  on  Lanchester 's  pioneering  work. 

His  equations  can  be  extended  to  deal  with  such  issues  as  reinforcement, 
fratricide,  and  time-varying  force  effectivenesses.  Future  overview 
models,  however,  will  require  much  more.  They  will  need  to  treat  optimum 
movement  of  forces,  time  lost  in  such  movements,  changes  in  effectiveness  of 
forces  as  well  as  their  size,  measured  responses  in  place  of  all-out 
conflict,  behavior  during  quiet  periods,  optimum  allocation  of  forces, 
reallocation  of  forces  during  engagements,  etc. 

Such  requirements  extend  well  beyond  the  mathematically  tractable 
cases  such  as  the  one  treated  in  this  report.  It  may  be  necessary  to  break 
completely  out  of  the  Lanchester  pattern.  Computer  studies  will  have  to 
produce  the  insights  previously  provided  by  analysis.  So  in  some  sense  the 
computer  will  be  instrumental  in  developing  the  theory  of  simulation 
modelling  for  C-^I.  Proposals  for  work  of  this  nature  will  be  forthcoming. 
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ABSTRACT 


In  applications  of  phased  array  antennas  for  limited  scan,  sub-array  schemes 
prove  to  be  useful  in  reducing  costs  and  space.  This  report  is  an  investigation 
of  two  such  techniques,  namely  the  space  fed  lens  and  a constrained  feed  system. 

Radiation  patterns  for  a space-fed  flat  lens  are  presented  and  it  is  shown 
that  this  system  compares  favorably  in  performance  with  the  spherical  lens,  the 
latter  being  more  difficult  and  expensive  to  construct  in  a space  environment. 
Results  on  the  effects  of  surface  perturbations  in  the  lens  are  presented  along 
with  an  embryonic  concept  for  phase  correcting  at  the  feed  for  these  perturbations. 

A synthesis  technique  is  presented  for  constrained  sub-array  feed  systems. 

It  is  based  on  Fourier -techniques  and  leads  to  approximate  implementation  by  Butler 
Matrices.  The  performance  of  this  technique  is  quite  good  with  the  exception  of 
efficiency  and  techniques  to  improve  the  latter  need  to  be  investigated. 
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I.  INTRODUCTION 


L - .JtT  sS 


Many  military  and  civilian  applications  of  phased  array  antennas  require  less 
than  full  sector  scan.  Two  general  classes  of  sub-array  systems  are  used  for  this 
purpose  are'*':  (1)  an  array  near  the  focal  point  of  a lens  or  reflector  and  (2)  a 

constrained  feed  system  which  suppresses  grating  lobes. 

The  first  part  of  this  report  will  present  some  results  pertaining  to  one- 
dimensional lens  systems.  Computer  programs  have  been  written  to  give  results  on 

2 

a spherical  lens  system;  this  system  was  previously  studied  by  Borgiotti".  Results 
are  also  presented  for  a flat  lens  system.  Antenna  radiation  patterns  are  displayed 
for  both  systems  as  a function  of  scan  angle.  The  effects  of  mechanical  deformation 
of  the  flat  lens  surface  are  detailed  along  with  a possible  approach  to  correcting 
for  these  deformations  by  the  feed  system. 

The  second  part  of  this  report  concentrates  on  the  synthesis  of  a constrained 

3 

sub-array  system.  The  synthesis  is  based  on  the  circuits  of  Dufort  . However, 
modified  expressions  for  the  radiation  pattern  are  obtained  and  a Fourier  Synthesis 
Method  is  utilized  leading  to  the  required  circuit  transfer  functions  being  well 
approximated  by  Butler  Matrices. 

II.  OBJECTIVES 


One  of  the  objectives  of  this  research  was  to  obtain  data  on  a flat-lens  system 
and  to  compare  this  with  the  spherical-lens  data.  In  particular,  tolerance  effects 
and  corrections  for  thses  effects  were  looked  into.  Also  design  techniques  for  con- 
strained sub-array  systems  were  developed. 


I 


III.  THE  LENS  PROBLEM 


2 

Figure  1 shows  the  lens  system  analyzed  by  Borgiotti  . A Butler  Matrix  is 

used  to  form  multiple  beams  which  are  directed  at  the  lens.  The  source  is  "phase- 

focused"  to  the  center  of  the  lens  which,  in  turn,  is  focused  at  the  center  of  the 

source.  Computer  programs  were  written  to  give  results  on  this  system  as  well  as 

2 

the  flat  lens  system.  In  contrast  to  Borgiotti  , a discrete  antenna  approach  is 
used.  Results  are  shown  in  Figures  (2)  - (6)  and  differ  little  from  the  cited 
reference.  Figures  (2)  and  (3)  show  the  radiation  pattern  obtained  when  just  one 
of  the  two  outer  and  inner  beams  are  driven,  respectively.  Figures  (4),  (5)  and 
(6)  give  radiation  patterns  at  three  different  scan  angles.  The  plots  shown  use 
sixteen  antennas  in  the  source,  100  antennas  in  the  lens  and  in  both  cases  the 
element  seperation  in  a/2.  The  inputs  to  the  Butler  Matrix  have  a Taylor  amplitude 
distribution.  The  computer  programs  have  been  written  in  modular  form,  i.e.,  as  a 
system  of  subprograms  to  enhance  their  flexibility.  For  example,  the  program  which 
gives  the  transfer  function  of  the  Butler  Matrix  can  be  used  with  any  order  Butler 
and  switches  allow  one  to  set  a progressive  phase  or  take  inputs  from  the  main  pro- 
gram or  write  out  the  output  quantities,  etc.  Also,  switches  in  the  program  allow 
radiation  patterns  to  be  obtained  as  DB  or  magnitude  as  a function  of  angle  in  radians 
or  degrees  or  as  a function  of  the  since  of  the  angle  and  over  any  range  of  these  vari- 
ables. To  obtain  results  on  either  lens  system  one  simply  links  the  requisite  pro- 
grams. Most  of  the  work  has  been  done  on  a time-sharing  computer  system  giving  fast 
"turn-around"  of  results.  One  of  the  disadvantages  of  the  system  is  apparent  in  the 
radiation  patterns,  namely  that  details  of  the  side-lobes  are  not  recognizable.  This 
is  not  a problem  in  the  interactive  mode  since  any  portion  of  the  patterns  may  be  in- 
spected but,  from  the  standpoint  of  displaying  the  results  in  a limited  length  report, 
the  plots  leave  something  to  be  desired. 


L ~ • — — - 
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Results  for  the  flat-lens  system  of  Figure  (7)  are  given  in  Figures  (8)  - (12) 
for  conditions  similar  to  the  spherical  lens.  In  this  case  the  focal  length  is  in- 
creased to  minimize  spatial  phase  distortion.  This  is  accompanied  by  an  increase 
in  the  element  spacing  of  the  source  antenna  to 

d = 1.45  (X/2) 

The  inner  eight  beams  of  the  Butler  matrix  are  used  and  there  are  107  antennas  in 
the  lens.  Figures  (8)  and  (9)  show  the  radiation  patterns  of  two  individual  beams 
and  Figures  (10),  (11)  and  (12)  are  patterns  for  three  progressive  phases  with 
Taylor  amplitude  distributions.  Clearly,  the  results  are  similar  to  the  spherical 
lens. 


One  of  the  possible  difficulties  with  the  space  radar  array  involves  mechanical 
deformations  in  the  flat  lens  surface.  To  investigate  this  effect  the  computer  pro- 
grams were  modified  so  that  either  sine  or  cosine  surface  deformations  of  arbitrary 
amplitude  could  be  investigated.  Figures  (13)  and  (14)  show  radiation  patterns  for 
peak-to-peak  deformations  (cosine)  of  0.1X  with  a period  of  twice  the  lens  length 
and  20  times  the  lens  length,  respectively.  Similar  results  for  peak-to-peak  defor- 
mation of  X are  shown  in  Figures  (15)  and  (16).  However,  in  this  latter  case  a 
mechanical  period  of  20  results  in  an  unusable  pattern.  Results  are  thus  shown  for 
a period  of  2 in  Figure  (16). 

One  of  the  possible  advantages  of  the  space-fed  lens  concept  involves  the  pos- 
sible correction  for  such  deformations  at  the  feed.  This  concept  was  investigated 
in  only  a preliminary  way.  Assume  that  the  sub-array  functions,  F^,  at  the  output 
of  the  lens  are  known.  If  surface  deformations,  y , at  each  element  are  assumed 
perpendicular  to  the  lens  face  then  the  radiation  pattern  is 
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, v ri  irtr  + j k y cos0 

P (u)  = P F eJ  11  J ;n 


where 


u = k D sin  6 
D = Md 

d 'v  element  spacing 


Using  notations  similar  to  Dufort  we  define 


F ^ output  to  each  antenna  from  a given  sub-array  input 

with  all  sub-array  driven  and  with  no  surface  deformations. 


F = y1  F Z 

no  £ n - m 


2.0 


where 
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thus 


P (u)  = l l f Z.  e3  "m 

o L “ n - M2,  2,0 

n 2. 


u 

JP  M 


= l | Z |ej*(u  - Uo}  l F eJ r M 
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where  the  second  factor  is  clearly  the  individual  sub-array  pattern.  If  with  sur- 
face deformations  we  let 


Z = Z e''a2. 

% 2,0 


So  that  a.  can  be  set  to  compensate  for  these  deformations  then  a similar  develop- 


ment yields 


POO-IIf  IZJ  e^e^n-9 

n l n - m* 

= P f eJM“  l1  | Z |eja2  ejUu  " uo)  ejkyP  + M2COSe 
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If,  we  expand  the  last  term  as  follows: 


jky  cos9  = y1  a f* 
e n o u q .. 

q n n - Mq 


where  0 is  the  direction  of  the  main  beam 
o 


P(u  ) - l1  \zt  |c ial  IK-. a P f f*  .e^ o 

O ‘■'Ho1  “ q £ p p - M(q  - Jl) 


and  we  wish  to  choose  afl.  so  that 


P(u  ) - P (u  ) 
o o o 


the  case  uq  = 0 with  orthogonal  f^  is  particularly  simple 


since 


T1  f f * 

u n n — 


which  leads  to 


p p - M(q  - l)  qJl 


a.  ■ -k  Y.  cos0 
l to 


which  is  intuitively  satisfying  and  somewhat  obvious. 


Clearly  much  work  must  be  done  before  the  above  has  significance.  In  the  future 
the  following  will  be  investigated. 

1.  Obtain  more  data  on  the  effects  of  surface  deformations  on  radiation 
patterns  and  try  to  relate  the  deformation  quantities  to  antenna  per- 
formance indicators  such  as  gain,  beamwidth,  sidelobe  levels,  etc. 

2.  Using  the  above  as  a guide  develop  expressions  for  phase  correction  of 
deformations  in  the  space  fed  lens  - i.e.  account  for  the  effects  of 
deformations  in  the  source-to-lens  path  as  well  as  in  the  radiation  from 
the  lens. 
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3.  Investigate  the  functional  implications  of  the  expansion  of 

exp(j  k y cos0)  in  terms  of  sub-array  functions, 
n 

4.  In  the  above  we  have  tried  to  minimize  variations  in  the  main  beam. 
Clearly  one  might  also  work  to  keep  the  effects  on  sidelobes  low  at 
some  degradation  in  the  main  beam. 

5.  Once  a suitable  phase  correction  scheme  is  developed,  the  existing 
computer  programs  can  be  used  to  obtain  radiation  pattern  with  defor- 
mations and  with  and  without  phase  corrections. 
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IV.  CONSTRAINED  SUB-ARRAY  SYNTHESIS 


We  wish  to  consider  the  class  of  circuits  of  Dufort  as  shown  in  Figure  17. 
Two  types  of  circuits  labeled  A and  B are  utilized.  As  shown  in  the  Figure  Z 
represents  the  sub-array  inputs,  g represents  the  M outputs  of  the  B circuits, 
h represents  these  outputs  as  rearranged  to  be  the  inputs  to  the  A circuits  and 
t represents  the  outputs  of  the  A circuits.  If,  we  consider  an  infinite  array  so 
that  £ takes  on  all  integer  values  and  o <_  n £ M - 1, 
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h + M£ 


B Z„ 


hn  + M£ 


t 

n 


+ M£ 


= g. 


h + 


K - 1 

= l 

q = 0 
M - 1 

- I 

q = 0 


M - 1 

= Si 

q = 0 


(£  - n)M 
An,q  \ + M£ 

^ g 

n,q  q + (£  - q)M 

A B Z, 
n,q  q £ - q 


Hence  the  radiation  pattern  is 


P(u) 


M - 1 

I l t 

£ n » 0 


n + M£  eJ(-n  + M 


where 


u = k D sin6 , D = Md,  k = 2H/X 
and  d is  the  element  spacing  (we  will  use  d = A/2).  Thus 
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in  the  summation  over  Z let  Z - q = p 


M - 1 . u M - 1 

PCu)  = l ejnM  l A B eJqu  V ZD  ejpu 

u u nn  n P 


n = 0 


q=0  n'q  q P P 


and  if  we  let 

Zp  - ap  a-JP“o 

representing  normal  progressive  phasing  of  the  sub-arrays,  then  we  may  write 

PCu)  = G(u)  H(u) 

where  H(u)  represents  the  array  factor 

H(u)  = I a eJp(u  “ V 

“ n 


and  G(u)  is  the  "element  factor"  or  sub-array  pattern 

M - 1 . u M - 1 

G(u)  = T ejnM  y A R ejqU 

n = 0 n-0  n’q  q 


and  it  is  this  function  which  we  will  synthesize.  Let 


j- 

W = eJM 


M - 1 nM  M - 1 

GCW)  = 7 B WqM  Fl  A W 

q - Q q n « 0 n’q 


where  we  have  interchanged  the  order  of  summations.  This  is  a polynomial  of  order 
2 

M - 1 in  the  variable  W. 


We  synthesize  the  function  G(W)  using  a Fourier  expansion.  We  will  consider 
the  case  M = 4 and  get  the  best  RMS  fit  to  the  function  shown  in  Figure  18. 
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This  gives  the  Fourier  coefficients 


2 . ,mr. 

a = — sin  (— r) 
n nir  4 


where  n takes  on  half-integer  values  from  -«°  to  +». 
The  polynominal  G(W)  is 


G(“>  • So  {40,0  + Vo  " + *2,0  “2  + *3,0  “3>  * B/  fA0,l  + Al,l  “ * A2,l 

A3,1W3)  + V8  U0,2  + Al,2  “ + A2,2  “2  + A3,2w3)  + B3  1,12  {A0,3  + A1,3U  + 
A W2  + A W3} 

Z , J J y J 


Thus,  we  require 


B1A3,1  - B2  A0,2  “ 7 SK} 


B1A2,1  “ B2  Al,2  ” Ir5511^  8) 


B1A1,1  “ B2  A2,2  “ 7iTSln(  8) 


B1A0,1  = B2  A3,2  = 7TSin(_8) 

BGA3,0  = B3  A0,3  = 9^Sln('-8i 

B0A2,0  = B3  Al,3  = H7Sln(  8) 

B0A1,0  = B3  A2,3  = 13r31n(  8} 

B0A0,0  = B3  A3,3  = 15ir31n(  8) 


It  does  not  appear  to  be  possible  to  synthesize  these  networks  In  a lossless  way. 
Combining  these  various  outputs  for  the  broadside  case  shows  that  the  illumination 
efficiency  will  be  good  if  appropriate  circuits  can  be  constructed. 
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Let  us  assume  that  the  B network  is  a simple  power  divider 


80  ■ B1  - B2  - l/^ 


4 


The  A network  can  be  represented  as  a matrix 


{A} 


4 . ,15n, 

15tt  sin(“ } 

77 

4 . , u. 

~ sin(_8) 

4 . ,9n 

97  Sln(— 8 

) 

ss 

4 . ,13it,. 

13tt  Sin^  8 ^ 

57  sin<1> 

4 ,3n. 

37  sln(“8) 

4 . .llu. 

H7sin(  8 ■ 

4 . -llu. 

lln  sin^  8 ^ 

4 . ,3u . 

3u  sin(-  8 

4 . ,5u. 

37  Sln(_ 8 

4 . ,13n. 

13n  ln(  8 

4 . , 9 ir. 

17  Sln(— > 

~ sin(-|) 
u 0 

4 . .7 n. 

77  Sin(“s) 

4 _ , ,15n. 
157Sin(— 8} 

-.0325 

.0696 

.4872 

-.0541 

= 

-.0905 

.2353 

.3921 

-.1069 

-.1069 

.3921 

.2353 

-.0905 

-.0541 

.4872 

.0696 

-.0325 

Inspection  of  the  first  form  or  the  very  method  itself  suggests  that  the 
transfer  function  is  a Fourier  Transform  Device.  Consequently,  it  seems  reasonable 
that  synthesis  be  tried  using  Butler  Matrices  or  Rotman  Lenses.  One  circuit  which 
gives  an  excellent  approximation  to  the  required  A circuit  is  shown  in  Figure  19. 


The  inputs  are  to  a fourth  order  Butler  which  feeds  the  "inner  beams"  of  a sixteenth 
order  Butler  and  the  outputs  are  taken  from  the  inner  terminals  of  the  latter.  Using 
the  notation  shown  on  the  left  of  Figure  19, 


E 


1 


• o 2r 


where  M = 4 and  Z 


assumes  the  values  of 
M - 1 


-3/2,  -1/2,  1/2,  3/2.  Also, 


“ I 

M k 


M - 1 


. „ 2tt 

eJP  J E 

M Z 


where  M = 4 and  q also  assumes  the  values  -3/2,  -1/2,  1/2,  3/2.  Thus 

M - 1 M - 1 


— y 

xn  L 


y 


ej*  (M  + V 277  E° 


q m3/2  \ , _ M - 1 j = _ M - 1 “ M~  p 


P = - 


2 ' 2 

if  we  assume  only  one  input  is  driven  by  a unity  wave  we  may  describe  the  transfer 
function 


M - 1 


q’P  M3/2  l = 


— y ej  ~ '■M  r i > 

/2  “ _ M - 1 N M“ 


J 1 + %)  2tt 


x sin{  (P  + ^ q)ir} 


M372  sin{(P+iq)i} 


and  for  M = 4, 


c _ i sin  { (P  + q/4)r} 
q,p  8 sin  { (P  + q/4)7r} 


Care  is  needed  in  associating  this  transfer  function  with  the  required  A circuit 
since  in  C the  indices  take  on  values  -3/2,  -1/3,  1/2,  3/2  and  in  the  A circuit  the 
corresponding  indices  are  0,  1,  2,  3. 


The  matrix  which  represent  the  A circuit  as  synthesized  using  Butler  Matrices 


is  shown  below.  Clearly,  the  agreement  with  the  required  {A}  is  good. 


r 


— 

-.048 

.075 

.488 

-.062 

-.121 

.245 

.398 

-.131 

{A}  = 

-.131 

.398 

.245 

-.121 

Butler 

Synthesized 

-.062 

.488 

.075 

-.048 

The  output  phase  variations  that  obtains  from  this  type  of  circuit  are  shown 
in  Figures  20  - 22  for  M = 2,  4,  and  8.  The  verticle  bars  indicate  the  extent  of 
adjacent  element-to-element  phasing,  clearly  the  "phase  interpolation"  is  quite 
good  until  one  reaches  near  the  scan  limit.  Figure  23  shows  the  radiation  pattern 
from  a system  formed  of  25  of  these  modules  with  M = 4 (i.e.,  total  of  100  antennas) 
for  input  phasing  of  0°,  80°,  160°.  The  main  beam  is  positioned  as  expected  and  the 
grating  lobe  (at  0 = -30°  for  broadside  case)  which  moves  toward  the  field  of  view 
grows  as  scan  angle  is  increased.  The  grating  lobe  which  moves  away  from  the  field 
of  view  virtually  disappears. 

One  of  the  major  difficulties  of  the  technique  is  that  the  sixteenth  order 
Butler  must  have  twelve  of  its  outputs  terminated  and  this  results  in  substantial 
loss.  Figures  24  - 26  show  the  efficiency  of  this  type  system  as  a function  of  scan 
for  M = 2,  4,  8. 


Future  work  on  this  technique  will  be  along  the  following  lines: 

1.  Use  the  circuit  as  synthesized  and  obtain  radiation  patterns 
of  various  size  arrays  as  a function  of  scan  angle. 

2.  Search  for  ways  of  eliminating  the  losses  associated  with  the 
above  technique.  First  attempts  will  focus  on  rearranging  the 
way  in  which  the  A and  B circuits  are  interconnected  and  the 
possible  use  of  the  unused  inputs  and  outputs  in  the  higher 
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-rter 


order  Butler. 


V.  CONCLUSIONS  AND  RECOMMENDATION 


It  has  been  shown  that  the  flat  lens  system  operates  in  a fashion  similar  to 
the  spherical  lens  system  with  little  degradation  in  performance.  It  offers  the 
advantage  of  constructional  simplicity.  Methods  of  compensating  for  positive 
mechanical  deformations  have  been  investigated  and  it  is  recommended  that  research 
along  these  lines  be  persued. 

A design  technique  for  constrained  feed  systems  for  sub-arrays  has  been  intro- 
duced and  results  on  a system  which  implements  this  scheme  using  Butler  Matrices 
have  been  presented.  While  this  scheme  has  promise,  the  efficiency  is  the  primary 
difficulty  and  it  is  recommended  that  techniques  to  improve  the  efficiency  be  investi- 
gated. 
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ABSTRACT 


A 256  element  Pt  Si  IRCCD  detector  is  under  development  by  Rome  Air  Devel- 
opment Center  ES  branch  for  future  use  by  the  DOD  Base  and  Installation  Security 
System  Program  Office  (BISSPO)  at  Hanscom  AFB.  This  detector  will  be  used  to 
generate  a passive  thermal  "fence"  line  which  will  provide  early  warning  against 
intrusion  by  unauthorized  personnel  or  vehicles.  Target  recognition  and  false 
alarm  analysis  requires  that  infrared  human  signature  data  be  obtained.  As  a 
USAF/'ASEE  summer  faculty  research  program  project,  a synchronous  mirror  scanning 
and  electronic  imaging  system  was  designed  to  obtain  these  human  thermal  sig- 
natures against  various  ambient  backgrounds.  The  system,  which  has  been  tested 
under  simulated  operational  conditions,  will  produce  high  resolution  two-dimensional 
infrared  images  in  grey  scale,  topological  view,  and  black  and  white  or  pseud- 
color  video.  Data  can  be  obtained  from  this  system  on  magentic  tape  for  computer 
analysis  of  thermal  signatures,  and  image  enhancement  of  the  visual  display. 
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INTRODUCTION 


A 256  element  Pt  Si  IRCCD  detector  is  under  development  by  Rome  Air  Devel- 
opment Center  ES  branch  for  future  use  by  the  .DOD  Base  and  Installation  Security 
System  Program  Office  (BISSPO)  at  Hanscom  AFB.  ihis  sensor  will  be  used  to  gen- 
erate a passive  thermal  "fence"  line  which  will  provide  early  warning  against 
intrusion  by  unauthorized  personnel  or  vehicles.  Target  recognition  and  false 
alarm  analysis  requires  that  infrared  human  signature  data  be  obtained. 

This  report  documents  the  effort  involved  in  the  design  and  testing  of  a 
synchronous  mirror  scanning  and  electronic  imaging  system  for  the  256  element  IRCCD 
staring  array  to  obtain  Schottky  human  infrared  images  in  grey  scale,  topological 
view,  and  black  and  white  or  pseudocolor  video.  Data  can  be  obtained  from  this 
system  on  magentic  tape  for  computer  analysis  of  thermal  sigratures,  and  image 
enhancement  of  the  visual  display.^ 


■ 
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THEORY  OF  DETECTION 

Schottky  diodes  are  formed  by  evaporation  of  Pt  onto  a p-type  silicgn 
substrate  and  reacting  the  metal  at  temperatures  varying  from  200°  - 650  C 
to  form  a platinum  silicide  (PtxS)  layer.1  a barrier  potential  is  set  up 
between  the  Pt  S layer  and  the  p-Si  of  approx.  0.27  eV  which  is  roughly  equal  to 
the  energy  difference  between  the  work  function  of  the  metal  and  the  electron 
affinity  of  the  semiconductor.^  The  formation  of  the  PtxS  layer  avoids 
the  defects  which  would  be  formed  from  simple  evaporation  of  the  metal , par- 
ticularly the  presence  of  trapped  surface  contaminents  and  patches 
of  surface  oxide. 
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Figure  ia  the  operation  of  the  Pt^Si  Schottky  diode. 

Figure  lb  Storage  and  transfer  operations  of  the  IRCCD,(from  reference  7). 


Figure  la  shows  the  operation  of  the  ptxSi  Schottky  diode.  The  diode 
array  is  illuminated  through  the  silicon  substrate.  Wavelengths  shorter 
than  1.1  micrometers  are  absorbed  in  the  substrate.  Longer  wavelengths  are 
absorbed  in  the  Schottky  electrodes,  giving  rise  to  the  internal  photoemission 
of  majority  carriers  from  the  metal  to  the  silicon  substrate.  The  photoyield 
Y,  for  Schottky  emission  is  given  by: 
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h is  Plaupks  constant 
v is  the  photon  frequency 


1 is  a factor  determined  by  the  geometrical,  optical,  and  transport  properties 
of  the  substrate  layer.  6-8 

Figure  lb  shows  both  the  storage  and  transfer  operations.  After  the  30  ms. 
integration  time,  charge  is  transferred  from  the  diodes  to  the  CCD  shift  reg- 
isters and  read  out. 


IR  SCHOTTKY-BARRIER  DETECTORS 


Figure  The  block  diagram  of  the  256  element  IRCCD  (from  reference  9>. 


A block  diagram  of  the  device  is  shown  in  Figure  2.  The  individual 
detectors  are  3,0  mils,  0.9  mils  wide,  and  are  1.6  mils  on  center.  The 
array  of  Schottky  barrier  detectors  is  read  out  by  output  register  A.  Out- 
put register  B has  common  clock  electrodes  with  output  register  A.  The  output 
registers  have  been  designed  with  identical  input  and  output  circuits.  The 
dual  output  register  construction  is  used  for  elimination  of  clock  pickup 
by  subtraction  of  the  signal  in  register  B from  the  signal  in  register  A.9  1 


IB  IfW* 


Figure  o.  A schematic  drawing  of  the  IRCCD  showing  the  detector,  the  four 
transfer  gates,  and  the  CCD  registers  (from  reference  91. 


Figure  4. 


A pnotomicrograph  of  the  256  element  IBCCD  i frome  reference  9'. 


The  charge  accumulated  in  the  Schottky  diodes  is  transferred  to  the  output 
register.  The  charge  transfer  takes  place  in  an  n-type  buried  channel  implant. 
Figure  3 is  a schematic  of  the  elements  and  transfer  gates.  Figure  4 shows  an 
enlarged  view  of  the  device. * 

The  detector  must  be  cooled  for  operation.  For  temperatures  above  103°K, 
dark  current  causes  the  loss  of  the  infrared  signal.  For  temperatures  below  ^ 
40°K,  carriers  are  frozen  out  in  the  CCD  registers  resulting  in  increased  noise. 
Consequently,  the  detector  is  kept  at  80°K  in  an  expander  cooled  by  a helium  re- 
frigerator. An  anti-reflecting  germanium  coated  window  with  a passband  of  2-5 
microns  is  located  at  the  front  of  the  expander.  A sapphire  with  dielectric  coat 
ing  cold  filter  restricts  the  incoming  radiation  to  the  detector  to  the  region 
between  3.4  - 4.2  microns.  The  incoming  infrared  radiation  is  focused  on  the 
detector  by  an  fl.2  optical  system.  Charge  is  accumulated  and  stored  for  the 
length  of  the  staring  time,  which  for  this  experiment  is  30  ms. 
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The  system  designed  to  produce  a two  dimensional  infrared  scan  using  the 
256  element  IRCCD  is  shown  in  block  diagram  form  in  Figure  7.  The  detector  is 
operated  with  a 30  ms.  signal  intergration  time.  A mirror  scans  the  field  of 
view  for  a period  of  6 seconds  to  produce  a 200  scan  line  display  on  a Tektronix 
model  7633  storage  oscilloscope. 

To  minimize  dark  current  the  sensor  is  kept  at  80°K  by  an  Air  Products  and 
Chemicals,  Inc.  Model  CS-1003  Displex  Cryogenic  Detector  Cooler  expander  which 
is  cooled  by  a helium  refrigeration  system.  An  ion  pump  is  used  to  evacuate 
the  expander.  The  infrared  signal  from  a human  subject  is  reflected  onto  the 
array  through  f 1.2  IR  optics  by  a 101  X 82  mm.  aluminum  coated  mirror  whose  motor 
drive  is  controlled  by  an  electrical  ramp  signal  of  6 seconds  duration,  which  is 
simulataneously  applied  to  the  vertical  amplifier  of  the  oscilloscope.  The  input 
of  the  sensor  is  also  connected  to  the  vertical  input  of  the  oscilloscope  and  the 
horizontal  sweep  is  initiated  by  a sync  pulse  from  the  waveform  generator 

which  occurs  simultaneously  with  the  transfer  of  charge  to  the  readout  register 
of  the  sensor.  This  mode  of  operation  will  give  a topological  display  of  the 
sensor  output  on  the  oscilloscope  screen. 

The  ramp  generation  system  consists  of  a 0-5V  ramp  voltage  source,  which 
programs  a Kepco  model  CK-18-3  power  supply  to  provide  the  current  required 
(0-1  amperes)  by  the  mirror  motor  drive.  The  voltages  required  for  the  oper- 
ation of  the  Schottky  barrier  detector  and  the  CCD  readout  are  provided  by  the 
waveform  generator. 

The  output  of  register  B is  subtracted  from  the  output  in  register  A in  the 
model  7A-13  preamplifier  of  the  oscilloscope.  The  resultant  signal  (A-B)  is 
amplified  and  applied  to  the  Z axis  modulation  terminal  of  the  oscilloscope. 

Two  modes  of  image  storage  operation  are  available,  both  triggered  by  the 
end  of  the  ramp  signal.  Mode  one  erases  the  stored  image  of  the  previous  mirror 
scan  and  records  the  image  from  the  subsequent  mirror  sweep  until  the  original 
erase  cycle  is  initiated  manually. 

The  Z axis  (grey  scale)  modulated  image  can  be  scanned  with  a Sony  Model 
AVC-3200  television  camera,  and  the  video  image  colorized  by  a Spatial  Data 
Systems  pseudocolor  generator.  A large  scale  format  (12'  X 16')  topological 
view  of  the  television  image  can  be  simultaneously  displayed  using  an  Inter- 
pretation System  VP-8  image  analyzer. 
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BLOCK  DIAGRAM  OF  SCANNING  AND  DISPLAY  SYSTEM 
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EXPERIMENTAL  RESULTS 


The  synchronous  mirror  scanning  and  electronic  imaging  system  was  tested 
under  simulated  conditions.  Problems  arose  with  the  helium  refrigerator,  which 
required  its  return  to  the  manufacturer  for  repairs.  However,  the  detector 
could  be  operated  in  the  visible  region  without  requiring  cooling,  and  a sim- 
ulated series  of  tests  were  conducted  to  evaluatethe  systems  operational  capabilities. 

TESTING  OF  THE  OPERATION  OF  THE  SYNCHRONOUS  MIRROR  SCANNER .AND  OSCILLOSCOPE 


TOPOLOGICAL  AND  GREY  SCALE  DISPLAY  MODES 


In  place  of  using  a human  subject  an  an  infrared  source,  a 6.35  mm.  circular 
aperature  illuminated  by  a Spectra  Physics  model  132  He-Ne  laser  was  used  as  a 
test  object.  The  scanning  mirror  reflected  the  well  collimated  circular  image 
of  the  test  aperature  directly  onto  the  IRCCD  which  had  the  3.4  to  4.2  micrometer 
infrared  passband  filter  removed.  (No-IR  Optics  or  helium  expander  present). 

This  system  is  shown  in  Figure  8.  The  0.6328  micrometer  line  from  the  laser 
produces  electron-hole  pairs  in  the  depletion  region  of  the  CCD.  The  electrons 
are  collected  in  the  wells  formed  by  the  gating  electrodes  of  the  individual 
diode  channels,  and  read  out  in  CCD  register  B.  Figure  9 shows  the  readout  from 
the  individual  diode  channels.  Figure  10  shows  a topological  view  of  the  circular 
aperature  formed  by  mirror  scanning  the  laser  light  passing  through  the  aper- 
ture. Precision  alignments  will  be  made  in  the  optical  system  to  be  used  for 
infrared  signature  analysis  and  the  deviations  from  symmetry  as  in  this  photo- 
graph will  not  be  present. 


Figure  8.  Equipment  set  up  for  the  simulation  experiment.  Shown  left  to  right 
are:  The  laser  beam  expander,  circular  aperature  plate  (on  ring  stand),  the  de- 
tector and  collimator  ( in  claw  clamp),  and  mirror  and  scanning  motor. 
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Figure  9.  Readouts  from  the  individual  diode  channels  of  the  256  ele- 
ment IRCCD. 


Figure  10.  Topological  view  of  a 6.35  mm  aperature  illuminated  by  a 
He-N’e  laser. 
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Proper  operation  of  Z axis  modulation  (grey  scale)  imaging  was  check- 
ed by  varying  the  intensity  of  visible  light  on  the  diode  array.  It  was 
found  that  modulation  of  the  light  intensity  caused  visible  variations  in 
the  image  of  the  diode  outputs  on  the  oscilloscope  screen,  verifying  that 
the  system  was  functioning  correctly. 


TESTING  OF  THE  VIDEO  PSEUDO-COLOR  AND  TOPOLOGICAL 
DISPLAY  MODES 


In  order  to  test  out  the  video  and  topological  display  portions  of 
this  system,  images  formed  by  a 25  X 50  element  IRCCD  square  array  were 
used.  This  array,  which  is  shown  in  Figure  11  is  presently  in  operation 
at  Rome  Air  Development  Center,  Electronic  Device  Technology  Branch. 


Figure  11.  Photomicrograph  of  the  25  X 50  element  IRCCD  square  array 
(from  reference  1) . 


Figure  12.  Image  of  a bar  cargec  recorded  by  the  25  X 50  element  IRCCD 
array. 
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Figure  12  is  the  image  of  a 27°C  bar  target  illuminated  by  a 3l.4°C  black 
body  source.  To  test  the  pseudocolor  and  topological  display  modes,  the 
bar  target  was  imaged  by  was  the  television  camera  and  simultaneously  dis- 
played in  pseudo-color  on  a Conrac  Model  5111-19  video  monitor,  and  in  topo- 
logical view  on  a Hewlett  Packard  1310A  video  display  unit.  The  topological 
view  is  shown  in  Figure  13,  and  a black  and  white  photograph  of  the  colorized 
display  in  Figure  14.  It  was  not  possible  to  reproduce  a color  photograph  in 
this  manuscript,  which  would  indicate  the  ability  of  the  pseudo-color  format 
to  highlight  and  differentiate  image  detail. 


Figure  13.  Topological  view  of  the  bar  target  recorded  by  the  25  X 50  IRCCD 
element  array.  , „ , 
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Figure  14.  Colorized  image  of  the  bar  target  recorded  by  the  25  X 50  element 
rRCCD  array  (in  black  and  white). 


The  several  forms  of  topological  image  profiling  offered  by  the  image 
analyzer,  and  the  latitude  of  color  assignments  made  available  by  the  pseudo- 
color generator  will  give  a high  degree  of  flexibility  in  the  analysis  of 
thermal  signatures. 


Figure  15.  View  of  a human  hand  recorded  by  the  25  X 50  element  IRCCii 
array . 

Figure  15  shows  the  image  of  a human  hand  recorded  by  the  25  X 50  element 
XRCCDsquare  array.  Human  images  recorded  by  synchronous  mirror  scanning  of 
the  256  element  linear  IRCCD  array  would  be  similar  in  appearance,  but  in  far 
more  detail  owing  to  the  greater  number  of  recording  elements. 


CONCLUSION 


The  system  designed  to  obtain  human  thermal  signatures  by  synchronous 
mirror  scanning  of  the  256  element  Schottky  barrier  linear  array  has  been 
tested  using  visible  light  illumination  of  the  silicon  substrate,  and  seen 
to  function  according  to  design.  Photographs  have  been  obtained  of  a 
laser  illuminated  test  object,  and  oscilloscope  topological  and  grey 
scale  display  modes  have  been  found  to  function  correctly.  In  addition, 
colorized  and  topological  view  photographs  have  been  obtained  of  a bar 
pattern  recorded  by  the  25  X 50  element  staring  array,  thus  demonstrating 
the  feasibility  of  using  this  type  of  display  format  with  the  mirror  scanned 
array. 

It  is  recommended  that  a detailed  analysis  of  infrared  thermal  signatures 
be  made  using  the  system  discussed  above.  Data  would  be  obtained  at  Hanscom 
AFB , Rome  Air  Development  Center,  Electronics  Device  Technology  Branch.  Mod- 
ifications should  be  made  in  the  present  video  system  to  eliminate  the  tele- 
vision camera  and  record  the  image  directly,  to  insure  optimum  image  quality. 
Special  emphasis  should  be  placed  on  computer  analysis  of  the  thermal  signal 
information  and  enhancement  of  the  visual  image. 

A 256  X 256  element  Schottky  barrier  detector  array  is  presently  in  the 
planning  stage.  I recommend  that  the  thermal  signature  studies  be  extended 
to  the  256  X 342  element  array  when  it  becomes  operational. 

In  parallel  with  the  analysis  of  thermal  signatures,  I recommend  that  the 
results  of  these  studies  be  applied  to  medical  thermography.  Present  medical 
thermographic  systems  employ  a single  mechanically  scanned  detector  which  pro- 
duces an  image  of  relatively  poor  spatial  resolution.  The  IRCCD  detector  sys- 
tem will  provide  higher  spatial  and  temperature  resolution  than  existing  ther- 
mographic systems.  The  presentation  of  this  high  resolution  visual  display  in 
topological  view,  as  well  as  grey  scale  and  colorized  formats  should  greatly 
enhance  the  capability  for  detailed  diagnosis  from  the  thermographic  image. 

In  addition,  computer  analysis  of  the  image  should  be  used  to  obtain  additional 
diagnostic  information,  as  well  as  for  enhancement  of  the  visual  display. 

These  applications  of  the  IRCCD  system  in  medical  diagnosis  should  realize  a 
new  generation  of  medical  thermographic  scanners  capable  of  producing  highly 
detailed  physical  diagnostic  examinations. 
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